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20.  Abstract  (continued) 
of  rolled  stack  conf iRuratlon. 

Klectrolyte  niananemenl  was  Identified  as  tlie  main  problem  area.  The 
relatively  hlgli  solubility  of  silver  oxide  In  the  electrolyte  necessitates 
the  use  of  ardent  istat  Ic  membranes  similar  to  tliose  oraployed  In  A(t/Zn  cells. 
These  membranes  have  characteristic  electrolyte  transport  properties 
described  by  their  transference,  diffusion  and  flow  parameters.  We  deter- 
mined those  parameters  and  showed  that  a suitable  combination  of  the 
Indlvidu.al  transport  characteristics  is  required  to  maintain  ;in  adequate 
electrolyte  balance  during  any  oi\e  charge-discharge  cycle  and  from  cycle  to 
cycle. ^ Of  the  four  membranes  tested,  Vlsklng,  r-22‘>l,  P-21d3  and  the  NASA 
separatCTY,  only  the  latter  was  found  suitable  for  use  in  practical  Ag/M2 
cells.  The  principal  property  d 1 f f erent l;il Ing  it  from  the  other  membranes 
was  a much  higher  rate  of  electrolyte  equilibration  via  "back-w  Ick  Ing" . 
Klectrolyte  capacity  as  well  as  the  pore  size  and  pore  size  distribution  of 
the  absorber  layer,  were  also  Identified  as  Important  par.ameters . Asbestos 
Is  preferable  to  the  relatively  opeit  structure  of  nou-woven  nvlon  such  ;is 
P-2 505. 

The  solubility  of  the  silver  oxide  In  the  electri'lyte  Is  an  Ittherent 
property  which  will  eventually  lead  to  cell  failure.  R.ipld  tormatlon  ol 
soft  short  circuits,  especial Iv  by  silver  dendrites  around  the  plate  edges, 

can  be  avoided  by  appropriate  cell  stack  design.  A rolled  electrode  stack 

configuration  was  found  especlallv  effective.  Slow  diffusion  of  silver 

oxide  through  the  membrane  and  its  sxibsequenl  redxicl  ion  to  Ag  ,it  the  hvdro- 

gen  electrode  Is  not  specif  leal Iv  harmful.  Kventually  this  process  will, 
howevt'r,  lead  to  the  form.it  ion  of  an  electronic  path  between  .'inoile  .ind 
cathode.  No  cell  failures  due  to  this  process  were  observed  during  the 
course  of  this  program. 

A I Inal  set  of  lb  laboratory  cells,  b.-ised  on  tlu’  NASA  separator  but 
employing  different  orientations,  components  .ind  component  .'irrangement s 
according  to  a mathem.at  leal  matrix  demonstrated  the  feaslbllltv  auvl  perfor- 
mance cap.’iblllty  of  Ag/lii  cells.  The  amount  of  electrolyte  (;il>sorher  layer 
thickness)  and  the  or lent.-it  ion  of  the  NASA  separator  were  found  to  h.ive  the 
greatest  Influence  on  c.ipacltv  retention. 

Onr  matliemal  leal  moilellng  effort  identified  silver  electri'de  utili- 
zation as  the  stri'iigest  energy  density  determining  factor.  Including 
practical  configurational  (radius  to  length  ratio)  and  thermal  restrictions 
a rolled  design  with  three  electrode  wr.aps  of  approxlmat  el  v 25  mil  thick 
silver  electrodes  and  15  mil  thick  absorber  layers  is  close  to  .in  optimized 
cell. 
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1.  INTKODlKVnON 


A mot.ll  g.is  bnltory  basoil  tho  Ag/H2  oi>iiplo  l.s  an  attraotivo  powor 
aourcc,  partlcnlarly  In  torms  of  weight  energy  ilennltv.  Ky  repl.ielng  t lie 
Zn  electrode  In  the  Ag/7.n  .syntem  with  tho  II2  electrode,  the  m.iin  drawback 
of  Ag/Zn  bat ter  lea,  short  cvcle  life,  can  be  overci'me.  The  relatively  high 
solubility  of  the  silver  oxide  In  the  alkaline  electrolyte  requires,  however, 
retention  of  nrgentlstat  Ic  membranes  slmll.ir  to  those  «'mploved  In  Ag/Zn  cell.s. 

The  m.iln  »>bjectlve  ol  the  progr.ani  was  to  determliu'  the  feasibility  of 
and  develop  design  data  for  a 1'’  Wh/lb  Ag/lli  cell  cap.able  of  SOO  tieep  iHs- 
charge  cycles  and  one  year  life  in  s.-itellite  applications.  Tl\e  general 
exper  Imetital  approacli  iiwa'lved  the  »ise  of  st.ind.ird  stat  e-of-tht'-art  component. 1 
(Ag  and  II2  electrodes,  membranes,  absorber  Ijiyers,  gas  screeits)  and  the 
building  of  prototype  laboratory  cells  utilizing  modified  state-of-the-art 
NI/II2  cell  c(»nf  Igtirat  iotts . A nutthematlc.il  ly  designed  lest  m.ilrlx  was  «'mplovi’it 
to  maximize  the  information  obtainable  from  a llmiteil  ninnber  of  test  cells. 
During  the  course  of  the  progr.im  it  became  apparent  that  the  Ag/H2  system  Is 
considerably  nx're  complex  than  had  been  .int  Iclpated  le.adlng  to  extenvled 
component  level  tests  and  specialized  cell  designs. 

Section  11  of  this  report  describes  the  Ag/ll2  cell  development  ellort. 
Tills  Includes  component  level  Investigations  with  comprehensive  tre.ilm*'nt  ol 
electrolyte  transport  through  separator  membr.mes,  construction  and  test  of 
two  sets  of  boilerplate  Ag/H2  cells,  an  extensive  ehar.ut  er  I z.ii  Ion  .ind  dt'veli'p 
ment  effort  using  snvill  laboratory  cells  and  .1  final  pi'r  fornvinee  diiiionst  rat  ion 
of  lb  advanced  boilerpl.ite  Ag/IH  cells  using  .1  rolled  stack.  System  s.ifetv 
Is  also  .iddresseil  In  a preliminarv  discussion. 

Section  111  ilescribes  tnir  Ag/ll^  cell  design  .uul  opt  Imi  z.it  ion  el  fort  . 

It  consists  of  the  developnu'iit  of  a del.iiled  mathem.it  lea  1 model  ol  /V./1' ' 
cell  construction  .ind  0per.1t  Ion  including  eleclrolvte  t r.insporl  through  nuin- 
branes  and  heat  gener.it  Ion  and  dissipation.  This  model  w.is  then  .ipplit'd  ti' 
determine  the  aensltlvltv  of  various  parameters  on  cell  per f ormatu'e,  in 
particular  on  energy  density.  The  model  was  alsi'  useil  to  develop  an  opilml.-ed 
design  for  .1  SO  Ah  Ag/Il2  cell. 


Section  IV  contains  a snnm.iry  discussion  and  conclusions. 


Ak/H^  ckll  ukvklopmknt 


1 • c-eiu'ial  System  Description 

The  silver-hydrogen  cell  combines  elements  of  the  related  nickel- 
hydrogen  and  allver-zlnc  systems.  Replacing  the  zinc  electrode  In  Ag/7.n 
cells  by  the  long  life  hydrogen  fuel  cell  electrode  should  greatly  Increase 
the  cycle  life  (>300) . Similarly,  exchange  of  the  nickel  oxide  electrode 
In  NI/H2  cells  by  silver  oxide  will  markedly  boost  energy  density  to  about 
80Wh/lb.  The  main  difficulties  In  the  development  of  practical  cells  are 
expected  from  silver  migration  and  electrolyte  management.  In  fact,  we 
have  shown  that  even  In  NI/M2  cells  loss  of  electrolyte  from  the  cell  stack, 
primarily  by  a displacement  mechanism,  has  been  the  major  failure  mode 
(Holleck,  197b) 1.  Klectrolyte  management  In  Ag/H2  cells  requires  special 
attention.  FI  st  water  participates  directly  In  tlie  cell  reaction  (see 
Table  1)  and  secondly,  the  relatively  high  solubility  of  silver  oxide  mj»n- 
dates  multilayer  separator  systems  utilizing  argcntlstatlc  membranes, 
similar  to  those  employed  in  Ag/Zn  cells.  From  the  cell  reactions  shown 
In  Table  1 the  Ag/H2  cell  is  expected  to  be  as  tolerant  to  overcharge  and 
cell  reversal  as  the  NI/U2  cell. 

The  objective  of  our  experimental  program  was,  to  evaluate  major 
design  variables  Including  (1)  type  and  number  of  argentlstatlc  membrane 
layers,  (11)  amount  of  electrolyte  (number  and  location  of  absorber  layers), 
and  (111)  thickness  of  the  Ag  electrode.  The  Initial  approach  was  to  use 
16  laboratory  cells  of  6 and  15  Ah  capacity  in  a factorially  designed  test 
matrix.  The  results  of  our  cell  tests  will  show  that  Ag/H2  cells  are  much 
more  complex  than  NI/H2  cells. 

2 . Component  J-ey^  _ Investigations 
2.1  General  Remarks 

For  the  development  of  Ag/H2  cells  we  used  commercially  available 
components  with  an  established  performance  record  In  the  environment  that 
they  will  encounter.  Therefore  component  level  tests  were  restricted  to 
those  necessary  to  obtain  additional  specific  data  required  for  optimum  test 
configuration  selection.  During  such  tests  and  especially  during  the  first 
phase  of  boilerplate  cell  testing,  the  need  for  a more  detailed  under- 
standing of  the  electrolyte  transport  processes  in  argentlstatlc  membranes 
became  apparent.  Since  only  limited  data  was  available  we  conducte»l  a 
detailed  study  of  relevant  transport  processes.  This  particular  task  pro- 
ceeded In  parallel  with  the  testing  of  boiler  plate  cells. 


TABLE  I 


CELL  REACTIONS 


CHARCE 


Ati  Electrode:  2Ar  + 20H  2e  + H^O  AKj^^ 


An^O  + 20H' 


2e~  + HjO  + 2A«0 


Electrode:  4H-0  + 4e  ♦ 2H,,  + 40H 

2 __2 ± 

2Ag  + 2H  0 -♦  2H2  + 2 AO 


PISCHARC.E 


Reverse  of  Charge 


Ag  Electrode:  20H  * 2e  + 1/2  0^  + 

Electrode:  1/2  0^  + H^O  + 2e"  ♦ 2011" 


or:  2H2O  + 2e 

1/2  0^  + 


+ 20H 

4. 

H,,0 


REVERSAL 

Ag  Electrode:  2H2O  + 2e 

Electrode:  + 20H 


+ 2 OH 
2H2O  + 2e 


2.2  Silver  Electrode  Characterization 


2.2.1  Physical  Parameters 

Silver  electrodes  in  sheet  form  were  obtained  from  Yardney 
Electric  Corporation.  They  were  characterized  with  respect  to  physical 
parameters,  electrolyte  absorption,  and  electrochemical  behavior.  The 
parameters  (average  of  b random  samples)  were  as  follows: 


Thick  Ag  Electrode:  Thickness 

Support  screen 
Apparent  density 
Sinter  density 

Thin  Ag  Electrode:  Tliickness 

Support  screen 
Apparent  density 
Sinter  density 


0.0254  ± 0.0001  In;  0.0645  ± 0.0003  cm 
5 Ag  15-1,  0.020  g/cm2 
4.333  g/cm3 
4.145  g/cm3 

0.0107  + 0.0001  In;  0.0272  ± 0.003  cm 
5 Ag  8-1,  0.0107  g/cm2 
4.273  g/cm3 
4.031  g/cm^ 


Electrode  porosities  were  determined  for  the  discharged  electrodes  from  the 
apparent  density  and  by  water  absorption  and  for  the  charged  electrode  by 
water  absorption. 


The  values  are  as  follows: 


Thick  electrode  discharged  (25.4  mil), 

porosity:  58.8%  (from  density) 

57.6%  (H2O  absorption) 

Thick  electrode  charged  (26.1  mil), 

porosity:  38.5%  (H.,0  absorption) 


Thin  electrode  discharged  (10.6  mil), 

porosity:  59.4%  (from  density) 

51.8%  (H2O  absorption) 


2.2.2  Electrochemical  Performance 

Electrochemical  performance  of  the  silver  electrodes  was 
evaluated  by  cycling  at  various  rates  in  two  configurations.  Configuration  1: 
counterelectrodes  at  each  side  of  the  electrode;  Configuration  II:  counter- 
electrode only  on  one  side,  the  other  side  covered  by  Teflon  sheet.  Both 
configurations  were  tested  completely  flooded  (submerged)  in  30%  KOH.  The 
results  are  summarized  In  Tables  2 and  3.  A typical  current-potential 
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CYCLE  DATA  FOR  SILVER  ELECTRODES  IN  CONFIGURATION  I (TWO  SIDED  USE) 


CYCLE  DATA  FOR  SILVER  ELECTRODES  IN’  CONFIGURATION  II  (ONE  SIDED  USE) 
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*Pla£e  size  12.1  cm  , thickness  0.0272  cm  (10.6  mil). 
**Plate  size  4.8  cm2,  thickness  0.0645  cm  (25.4  mil) 
■^•’■Reported  vs.  RHE,  measured  vs.  Hg/H^O. 

■‘Nominal  based  on  0.4  Ahr. 
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curve  for  charge  and  discharge  of  silver  electrodes 
The  results  are  summarized  In  Tables  2 and  3. 


Is  shown 


In  Figure 


1. 


We  examined  the  data  for  a relationship  between  rate,  electrode  thick- 
ness and  obtainable  capacity.  The  best  correlation  appears  to  be  given  by  a 
plot  of  log  1 vs.  Ag  sinter  utilization.  This  Is  shown  In  Fig.  2 (some  points 
represent  the  average  of  more  than  one  measurement).  Within  the  range  of  our 
Investigation  the  silver  utilization  appears  to  decrease  llnearily  with  the 
logarithms  of  the  current  density.  Although  the  location  and  shape  of  this 
line  differs  somewhat  for  the  various  test  runs  all  data  (thick  and  thin 
electrodes,  one  or  two  sided  use)  fall  within  a band  outlined  in  Fig.  2 
Indicating  approximately  27%  change  In  utilization  for  a factor  10  in  current 
density. 

2.2.3  Oxygen  Evolution  at  Silver  Electrodes 

Oxygen  evolution  at  silver  electrodes  was  investigated  in  a 
cell  schematically  shown  In  Fig.  3.  The  silver  electrode  was  overcharged  at 
the  C/30  and  C/70  rates.  On  a volume  basis  this  corresponds  at  30  atmos- 
pheres to  a C and  C/2  rate,  respectively.  Tlie  results  are  summarized  In 
Table  4.  Microscopic  observation  of  the  electrode  surface  showed  fairly 
uniform  oxygen  evolution  over  the  whole  electrode  area.  Similar  to  nickel 
plates  bubble  emergence  is  favored  at  cracks  and  plate  inhomogentties, 
however  the  silver  plates  are  much  more  uniform  than  nickel  plates.  Oxgyen 
evolution  at  the  test  electrode  was  almost  equal  at  both  sides.  Plate  orien- 
tation with  respect  to  the  counter  electrode  showed  some  effect.  Gas  evolution 
was  favored  slightly  at  the  side  facing  the  counterelectrode.  The  presence  of 
an  absorber  matrix  (Pellon  2505)  made  gas  evolution  more  difficult  at  this  side 
leading  to  higher  gas  evolution  rates  at  the  back  of  the  electrodes.  However, 
contrary  to  the  experience  with  nickel  oxide  electrodes  gas  evolution  is  not 
completely  diverted  to  the  uncovered  side  of  the  electrode.  Apparently  gas 
permeation  through  the  smaller  pores  of  the  silver  electrode  Is  more  difficult 
and  cannot  be  achleveil  by  the  relatively  small  forces  exerted  by  the  fairly 
porous  absorber  layers. 


2 . 3 Kffect  of  Si Iver  on  Hydrogen  Klectrodes 

To  determine  the  effect  of  silver  on  the  current-potential 
behavior  of  hydrogen  electrodes,  we  exposed  Teflon-bonded  platinum  elec- 
trodes to  30X  KOH  which  was  saturated  with  AgO.  The  experiments  are 
conducted  on  electrodes  with  10  mg  Pt/cm^  in  a floating  configuration. 
Current  potential  curves  were  measured  on  the  fresh  electrode  and  after  the 
electrode  has  been  potentlostatlcally  held  at  the  reversible  hydrogen 
potential  for  various  tlm«’  Intervals  (from  30  min  to  316  hrs) . Figure  4 
shows  typical  results.  The  polarizations  for  both  hydrogen  oxidation  and 
reduction  are  slightly  higher  in  AgO  saturated  lOZ  KOH  than  in  pure  30X  KOH. 
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Figure  1.  Typical  charge-discharge  curves  of  thick  (25  mil)  and  thin  (10  mil;  Ag 
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Klguro  2.  Kft'oct  of  current  ilensltv  on  silver  electrode  ntilira- 
tion.  X tliin  Conf.  1;  o,«  tliln  t’onf.  11;  A thick 
I'onf.  I,G,B  thick  Conf.  11. 


Flgviro  Ploxlgliis  coll  for  measuring  locat  ion  and  rate  of  oxygon 
ovolut ion. 


Hydrogen  electrode  current  voltage  curves, 
hrs;  (0)  in  AgO  saturated  KOH  after  68  hrs. 


The  polarization  of  the  hydrogen  electrode  did  not  markedly  change  with  time 
despite  build  up  of  a clearly  visible  greyish  coating  of  Ag  at  the  electrode 
surface.  Quantitative  analysis  for  Ag  was  carried  out  on  several  electrode 
samples  by  dissolution  In  HNO3  followed  by  titration  with  Nil  SCN.  In  tlie 
presence  of  silver  ions,  silver  thiocyanate  is  found: 

Ag"^  + SCN“  AgSCN 

The  end  point  of  the  titration  Is  determined  by  a brownish-red  color  of 
Fe(SCN)3  if  a small  concentration  of  ferric  Ion  Is  used  as  Indicator. 

On  several  samples  a large,  voluminous  mass  of  spongy  silver  had 
deposited  on  tlie  test  electrode.  Upon  removal  from  the  solution  tlie  loosely 
adhering  silver  fell  off.  Chemical  analysis  showed  1 mg  Ag/cm^  for  one  and 
6 mg  Ag/cm^  for  another  sample.  These  findings  suggest  that  the  silver 
plates  out  In  a porous  form  at  the  surface  of  the  TFK  bonded  electrode  with- 
out penetrating  into  the  Interior  which  remains  active  for  the  hydrogen 
reaction  and  without  significantly  blocking  electrolyte  access. 

2 .A  Klectrolyte  Distribution  and  Retention 

Experiments  were  conducted  to  determine  the  electrolyte  distribu- 
tion and  retention  in  saturated  and  partially  saturated  component  arrays. 

The  experiments  were  carried  out  as  follows:  An  array  of  components  (e.g., 

Ag  electrodes,  absorber  layers,  membranes)  is  mounted  at  constant  pressure 
(e.g.,  0.5  Kg/cm2)  In  a spring  loaded  Teflon  jig.  It  Is  then  vacuum  impreg- 
nated with  30%  KOIl.  After  quick  disassembly  and  component  separation  the 
amount  of  observed  electrolyte  is  determined  by  tlie  weight  change.  This  is 
followed  by  reassembly  of  tlie  stack  under  addition  of  absorbing  layers  (filter 
paper).  After  equilibration  for  various  times  (18  to  96  hrs)  the  new  electro- 
lyte distribution  is  again  determined. 

Results  are  summarized  in  Table  5.  The  location  of  electrolyte  removal 
is  indicated  by  an  arrow.  In  addition  to  the  amount  and  distribution  of  elec- 
trolyte in  a fully  saturated  stack  configuration  the  results  show  that  in  a 
partially  saturated  array  the  silver  electrode  and  the  NASA  separator  retain 
their  electrolyte  most  strongly.  After  practically  all  the  electrolyte  lias 
been  removed  from  the  absorber  layer  (Pellon  2505  or  polypropylene  1242-1)  the 
NaSA  separator  and  the  silver  electrode  lose  electrolyte  In  approximately  equal 
fractions  (see,  e.g..  Croups  V and  VI).  It  is  further  significant  to  note 
that  tlie  NASA  separator  acts  as  a barrier  to  rapid  electrolyte  equilibration. 
For  example  Croups  II  and  III  show  a stable  difference  in  electrolyte  between 
the  Pellon  layers  at  both  sides  of  the  NASA  separator  despite  an  equilibration 
time  of  96  hours.  Only  prior  to  electrolyte  removal  from  the  NASA  separator 
Itself  will  the  more  remote  absorber  layer  lose  most  of  its  electrolyte. 


U\ 


H 

fJ! 

n 

:5 


s? 


Iv) 

>* 

C? 

rti 

O 

►J 

UJ 

O 

u. 


?s 

\ •* 
tn 

f"* 


Hi 

M 

u o 

O fi 

o 


3 H 
C *\J 
•»«  iA 
Ni 

U 

U v<! 

o 


**< 

v>  in 
y in 

U 

U 1*4 

m o 

n 


if* 

•H 


0 

<u  o 

*-»  >*i 
>>  U 
r-*  n 
O 

><  »H 
«->  V4 
O *J 
ill  U) 

r-«  Hi 

w o 


ti:  Mf 
o ^ 
M At 


ri  pi 

n)  rn  «1> 

*-»  Q ® 
O M 0) 

H ^4 


A 1 

H hH 

o 41 


® 

*»  .Vi 

pi  o 

&)  ® 

g 

II- r. 

O Hi 

C ) 


O O 
>♦  ;•'. 
C*' 


00  iX>  *4  r-i 


(N  r^  ‘O  in  m 

m <f  00  »-4 


ii>  M'  ir>  Iji 


I 0l>  I’V 

vt  >4 


.|  r-4 

cn 


<r  iO  r-i  a-'  O 

<t  -4  m 'O.-'  CTv 


I I I I I 


r-  Vi'  i.x>  4”*  nj 


t-4  (N 

'.f 


so 

--4 

Vt 

Osl 

iX' 

- f 

vX' 

04 

OS 

ex' 

its 

O 

fN 

OO 

crv 

sO 

Si' 

t'- 

04 

r-4 

rH 

v^ 

fN 

rH 

ov  1 1 

III  r-4 

O 

•-  i 

O 

r4 

O 

<N 

O 

r-4 

o 

O 

>.t 

c* 

m 

o 

O O K.  o-N  O 


r-4  C•^  *>4  rl  C' 


<N  a oi>  O iJ' 

ro  CM  *H  .-4 


»•  4 cn  r'.  -4  r 4 

r-  00  in  00  ‘-n 

in  o if'  »-•-'  M' 

o »n  m r-4  <N 


<N  O o rsi  in 

4n  Vt  CM 


»n  vi.  O''  m (••■' 

r-  'n  o «■*■' 

r4  Vl"'  i*-'  (N  »''>J 

O 4''4  m o ni 


r-4  in  r-4  '“-t 
r''  rH  <N|  <N 


vTn  o 'A'  r-  a' 

O''  i'Ni  »-M  \v 

o''  m r-.  O’'  o 

O lT\  >-*H  VII 


r-4  >st  O*'  OnI  ^T\ 

m rv|  r*"' 


u"'  »'4  -1  v\'  V ' 

r-.  ^.^  tf'N  -^1  f-- 

r-4  <N  in  O''  lT> 

o m O'  V ■>  Ii' 


o 

o 


I I I I 


i.T' 

si' 

so 


fvj  O''  r4  h**  O 

a'  iV>  in  vt  CO 

o'>  iV  i-n  o>  cN 

sO  O iX''  O in 


O 

O 


o r-  Si'  v4 

O -f  *N  . 4 i ' 

in  Si''  -t  i\'  • • 

so  r-4  iX'  iTS  a' 

OS 


04 

*.4 

H 4 

fl 

in 

M 

04 

i.* 

r4 

o 

n. 

in 

t 4 

Ol 

P4 

r 

IN 

o 

a> 

S. 

i' 

r 

a' 

*J 

r: 

a> 

a> 

* 1 

rt> 

X' 

us 

1\1 

<u 

’XI 

•X' 

US 

rt' 

* s 

•'  ‘ 

o 

C' 

V4 

t 4 

i> 

i' 

s.' 

s, ' 

in 

y* 

in 

03 

US 

i. 

»i 

iN 

rx. 

41. 

*i 

• • • « • 

*4 

04 

l.X 

04 

1 1 

t.' 

n 

c» 

r4  04  OS  -vt  m 

n 

rt» 

V > 

«v 

1 ! 

u> 

i-r 

4* 

41 

li 

■J'\ 

li 

rt' 

r-4 

\.S 

n. 

r 4 

1 4 

o 

i' 

1 < 

III 

r 4 

s. 

111 

111 

r 4 

1 i 

U| 

r-4 

lO 

.-4 

t 4 

40 

. t 

4'4 

»\' 

O 

fil' 

1 

> 41 

‘'1 

rt' 

tv 

rt; 

n. 

A. 

•'! 

4\, 

kS. 

•’ 

f 4 

o» 

tn 

-t 

us 

, ‘ 

iN 

»'S 

vt 

us 

lA 


J 


TABLE  5 
(COKTIKUED) 


gain 


TA£L£  5 
rCONTI^TED) 


o 

4-1  u 0) 


M 

tt  C 
O <*4  t/^ 
N) 

a 

M M v4 

O 


0 

4)  O •''< 
«H  <0 
>\  «-> 
fH  3 O 
O H 

AJ  W «M 

O U o 

4)  oB 
tH  -H  rt 
W O 


go  O rH  m 00 


m r-«.  <M  nO  Cl 
m ^ CM  O'  <N 


I I I i I 


so  t-i  *4  sj 


CM  so  *n  f-4 

O'  r-i  O' 


•I  I I I I 


I I I I I 


O'  *4  OO  OO 


I— I in 
vO  1-4 


r>4  r<-4  r»  r>>  in 
O'  00  nj  O 
O O'  00  <N  \0 
O O 1-4  O 


I I I I I 


so  00  sys  o 

O <n  v4 


I I I I I 


00  St  so  00 

00  *4  O'  O'  O 

O in  O' 

O 00  O -4  O 


O 00  m \c  m 


o^  00  <r  00  r**' 


1-4  St  CO  O CO 


00  O O'  St  00 


rsl  00  O O'  O' 
cn  rH 


O'lnincMst 

55^0  sccsiOr^^t 

5^  'irl  (N  1-4  o f4  in 

O in  sf  1-4  (N 

• • • • • 


m <N  O in 


00  sj  00  m O' 
in  1-4  St  4^ 

1—4  f— 4 p— 4 O' 

O O C*  r-l 


»— 4 in  1—4  *4 

cn  1-4  rsi  <M 


O'  O h*«  h-  CM 

sf'  St  m o 

<N  <n  O'  (N  CM 
O O'  tn  m 'O 


1-4  nC  <n  CM  in 


,-4  cn  m 1-4 
00  O'  *4  v4  O' 
p-4  in  CM  vt 
O O (n  O m 


4J 

M f3 
(X3  <U 


bt  ^ 




p<4  I I I I 
St 


I I I i I 


O I I I I 

o 


I I I I I 


Ti  m cfl  4)  *v 

O O Wi  1-4  O 

Vj  in  efi  >>  V- 

«j  i*M  p.  Cu  u 

O *V  O O 

4)  C in  ^ 44 

1-4  0 P.  f-4 


1-4  CM  I'n  vj  in 


iH  CM  I’n  in 


u 

O •“ 
«J  4< 
4*  in  T3 

O O 
c\j  in 
p.<M  u 
41 

tn  d 44 

o »-• 

< rH  ti) 
W .-4 
<*  4'  tsr 


1-4  CM  C^  St  in 


1-4  CM  I’n  in 


K I PC  t ro 1 y t o Transport 


MombraiifS 


2 . . 1 Oesor  Ipt  ton  and  Doflnitton  of  Transport  Trocoss 


The  proci'ssos  ooourrlng  In  a An/H2  coll  aro  snmnuirlzod  in 
Fl^.  S.  During  dlschargo  ono  equivalent  of  011“  Ions  per  equivalent  of  charge 
Is  consumed  at  the  hydrogen  electrode  and  an  equal  anwiint  is  generated  at  the 
silver  oxide  electrode.  At  the  hydrogen  electrode  one  equivalent  of  water 
per  equivalent  of  charge  Is  generated  while  only  half  an  equivalent  Is  con- 
siuned  at  tiie  cathode.  There  are  throe  main  mechanisms  for  Ion  aiul  water 
transport  through  the  separator  membrane:  (1)  electromlgrat ton,  (2)  ilif fu- 
sion and  (1)  flow.  Fleet romlgratlon  occurs  only  during  current  flow. 

Diffusion  of  Ions  and  water  take  place  In  the  presence  t>f  concentrat Ion 
gradients  (more  accurately  activity  gradlettts)  independent  of  current  flow. 
Klectrolyte  flow  requires  a hydrostatic  pressure  gradient  and  is  Independent 
of  either  current  or  conc<>ntrat Ion  differences.  In  contrast  to  the  electron 
flow  In  metallic  conduction,  electrical  current  passes  through  an  electrolyte 
by  nK'vement  of  Ions.  Cations  (positive  ions)  move  to  the  cathode  (reducing 
electrode)  while  .inions  nK>ve  In  the  reverse  direction.  The  fraction  of  the 
total  electrical  current  carried  by  any  Ionic  species  Is  called  transference 
number  or  transport  number  of  that  Ionic  species.  Unless  cations  and  anions 
happen  to  have  Identical  mobility  tlie  migration  of  ions  will  lead  to  concen- 
tration changes  In  the  anode  and  cathode  compartments.  In  membranes  the 
relative  mobility  of  Ions  often  differs  mucli  imire  tlian  Is  usually  ol'served 
In  free  el  ect rol vi es. 

Hy  definition  transference  numbers  apply  only  to  charged  species 
and  are  always  t'i|u.il  to  or  sm.iller  than  one.  Since  Ions,  however,  mig.raii'  in 
a solvateil  form  and  cations  are  generally  nxire  strongly  solvated  than  anions, 
we  observe  also  a transport  of  solvent  which  can  be  foriivilly  accounted  I \w 
by  a "transference  number"  for  the  solvent.  Tt  can  h.ave  any  value. 

Solvent  transport  (In  our  case  water)  can  also  occur  by  *•!  ec  t roosim's  i s . 
The  term  elect roosnnisl s is  used  for  any  motion  of  llcpild  in  an  electric  field 
relative  to  a fixed  solid.  The  basic  concept  Is  a sol  lii  with  ;in  imim>blle  sur- 
face chiirge  and  a liquid  with  .an  equ.al  ami  opposite  sp.ace  ch.irge  of  counti'r 
Ions  that  m».>ve  under  the  influence  of  an  applied  I'lectrlc  field  tangential  to 
the  surf.ice.  The  eU'ctrlc.il  force  Is  balanced  by  a viscous  force.  Usu.tllv 
the  IlquUl  moves  to  the  c.ithode,  nxitlon  toward  ttie  anotie  Is  unci>mmon. 

Strictly  speaking,  electroosmosls  is  restricted  to  convection  ot  liipiid 
by  .1  moving  space  charge,  but  this  component  of  the  nuitlon  is  dlfflciilt  to 
differentiate  from  tr.ansfer  by  solvated  tons.  The  effect  of  electroosmosls  Is 
In  a first  approxlm.at  ion  proportional  to  iS/a  where  ^ Is  the  .average  thickness 
of  the  iiK>bIIe  ch.argetl  l.iyer  .and  .a  Is  a measure  for  the  pore  size.  For  con- 
cent rat  ed' elec  t ro  1 yt  es  .a  slgnlflc.ant  contribution  can  only  be  expected  in 
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Figure  5.  Change  of  anolyte  during  discharge  in  a Ag/H.  cell. 


very  small  pores.  Practical  measurements  of  a "transference  number"  for 
water  through  a membrane  would  include  also  electroosmosis  effects. 


Diffusion  processes  across  the  membrane  occur  in  the  presence  of 
activity  gradients  Independent  of  current  flow.  They  can  be  generally 
described  by  Pick's  law  using  appropriate  driving  forces  and  diffusion 
coefficients.  Tlie  term  osmosis  describes  only  a special  case  where  the 
membrane  is  impermeable  to  KOH  or  one  of  the  ions  while  permitting  water 
transfer. 

In  the  presence  of  hydrostatic  pressure  gradients  we  can  expect 
further  electrolyte  flow  which  is  Independent  of  current  or  concentration 
differences.  In  a Ag/H2  cell  electrolyte  flow  Inducing  gradients  will 
result  from  capillary  forces  if  one  side  of  the  membrane  is  in  contact 
with  an  electrolyte  saturated  absorber  component  wlille  the  other  side  is 
electrolyte  starved.  We  will  use  the  term  "back  wicking"  for  tills  plionome- 
non. 


2.5.2  Diffusion  and  Electromigration  of  KOH  and  H2O 


2. 5. 2.1  Experimental 


The  general  approacli  consists  of  measuring  water  and 
ion  transport  through  a membrane  in  the  absence  and  presence  of  current  flow. 
More  specifically  this  involves  monitoring  of  concentration  and  volume 
changes  in  a cliamber  separated  by  the  membrane  to  be  characterized  from  a 
solution  of  constant  known  composition. 

The  measurement  lialf  cell  is  schematically  shown  in  Fig.  6.  A double 
wall  glass  vessel  of  about  1000  ml  capacity,  serves  as  the  outer,  large 
volume  half  of  the  diffusion  cell.  Water  from  a circulating  thermostat 
maintains  a set  temperature.  A magnetic  stirrer  assures  uniform  electrolyte 
concentration.  The  density  change  in  the  small,  inner  half  cell  can  be  mea- 
sured by  the  weight  change  of  the  sinker,  which  is  suspended  from  one-arm 
of  a balance  on  a thin  nylon  thread.  The  volume  change  in  the  inner  half-cell 
due  to  osmosis  and/or  electroosmosis  can  be  observed  In  the  capillary,  which 
consists  of  part  of  a two  ml  graduated  pipet  of  about  3.5  mm  inner  diameter. 

For  diffusion  measurements  the  KOH  concentration  In  the  two  half 
cells  were  different  and  the  equilibration  process  was  monitored.  The  bulk 
of  the  transport  measurements  was  taken  over  the  time  span  of  an  hour  using 
two  layers  of  separator  membrane.  This  l>as  several  implications:  Volume 
and  density  changes  are  linear  with  time  since  the  concentration  change  Is 
small  compared  to  the  concentration  difference  across  the  membrane  (1  10%). 
Further,  the  use  of  two  membranes  eliminates  possible  distortion  of  the 
results  by  membrane  faults  (e.g.,  holes). 


T 


Kor  the  measurement  of  electromlgrat  ion  tlie  initial  KOH  eoiu-ent  rat  ion 
in  the  two  half  cells  was  Identical.  A current  (charpe  .iiul  discharge)  was 
passed  between  the  Ag  electrode  in  the  measur»>ment  half  cell.  Typical Iv, 
the  current  density  was  (>4  mA/cm'^,  corresponding  approximately  to  the  t'  rate 
for  a 25  mil  Ag  electrode. 

Four  types  of  separators  were  evaluated:  I’ermlon  214  1,  Pemilon  224] 
(RAl  Corp.l,  Vlsking  (llnlon  Carbide  Corp.)  and  an  inorganic  NASA  sei'aralor. 
Measurements  were  carried  out  at  different  temperatures  and  KOH  conct-nt ra- 
tion. I'yplcal  data  obtained  during  an  experimental  run  ari-  shown  in  Figs.  7 
and  8 . 


2 . 5 . 2 . 2 KOH  and  H ->0  I)  i f f us  ion 


From  Kick's  law  the  amount  of  mati'i  lal  diffusing 
through  a membrane  of  exposed  area.  A, under  steady-state  conditions  is  given 
by 


1 » n - ^-> 

A dt  Ax 


il) 


where  C and  V are  the  concentration  and  volume  respectively  of  rlie  particular 
chamber  under  consideration,  P is  the  diffusion  coefficient,  and  Ax  is  the 
membrane  thickness.  If  good  mixing  of  the  chamber  contents  is  maintained, 
the  singular  concentration  gradient  (C'  - C)  appears  across  the  membrane. 

It  should  be  specifically  pointed  out  tti.it  t lie  driving  li'rce  ti'r 
diffusion  is  the  difference  in  activity  rather  ttian  in  ciuicent  rat  liui . In 
more  concentrated  KOH  this  difference  is  quite  significant.  For  example, 
the  activity  coefficient  for  KOH  in  a 40%  electrolyte  (molal)  is  10.  In  the 
following  treatment  and  for  the  proposed  measurements,  we  used  concent r. it  ions 
instead  of  activities  which  means  th.at  the  difference  between  activation  and 
concentration  appears  in  the  diffusion  coefficient  which  will  show  .i  ciuicen- 
tration  dependence. 


In  order  to  determine  diffusion  constants  for  both  KOH  and  HiO,  two 
sets  of  measurements  have  been  made:  change  in  solut  ion  volume  aiul  ch.inge 
In  solution  density.  The  change  in  volume  is  readily  related  to  the  difference 
between  the  diffusion  constants: 


dn 

, p»  fc'-c  ) 

dt  W ' W w' 


(2) 


dn, 

dt  K 


( n 
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Sinker  VfeiGKr^  grams  Volume  Change 


Sinker  VtiGrfr,  gr/v^s  Volume  Change 


Discharge 


Discharge 


Ctiarar  t *'r  i s t ii'  voliimo  ;uul  lU-nsitv  >lm' 

ml)',r.U  (i'll.  NASA  or . .'ivy  (vt  nt\/rni 


T 


Horo  and  Uj.  rofor  to  the  numbor  of  moles  of  water  and  Roll  resiu'ct  ively , 
while  Cy  and  are  concentrations  fin  moles  per  cnvb  . The  O"  are  effec- 
tive diffusion  constants  (,cm3/mln) : O"  - 0 • A/AX,  wliere  A is  the  membrane 
area  and  AX  the  membrane  thickness.  It  Is  easllv  shown  tliat 


ilV 


— . V (0"  - IV")  (O'  - 0 ) 
dt  W W ‘k’ 


(s) 


where  Vy  Is  the  partial  nK>lar  volume  of  water.  Thus,  provided  the  concen- 
tration of  water  In  the  measurement  chamber  U’y^  does  not  chane,e  appreciably 
during  the  course  of  .i  measurement,  the  volume  of  electrolyte  in  tlie  mea- 
surement chamber  should  be  proportion.il  to  the  time.  This  is  in  fact 
observed.  Values  of  I'J^l  - are  then  obtained  from  the  slope: 


p"  - n" 
W K 


dV/dt 


'’w  - 'v' 


Typically,  Vy  17. s cm' /mole;  values  of  Vy,  Vj^,  Oy,  and  0);  as  functions  of 
temperature  and  ROli  concentration  were  calculated. 

The  ch.inge  in  solution  density  can  .ilso  be  rt'l.iteii  to  the  lilffusion 
constants.  Krom  (2)  and  (.11  it  Is  possible  to  show  that 


1 

dt 


11"  + 11"  n"  - n" 


(bl 


Since  Cy  and  V are  .ipprox Imately  constant  during  the  course  of  a measurement, 

plots  of  In  (t’-'i  “ versus  t should  bo  line.ir.  In  addition. 

W iv 


d in  (C-  - 0^,3 
dt 


- Sc 


dt' 


k'vMlS  t 
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W 


kU’ 

kit 


klw 

d't' 
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where  w is  tlie  weight  of  a Teflon  sinker  submerged  in  the  electrolyte.  Plots 
of  the  sinker  weight  versus  t are  found  to  be  line.ir,  .ind  were  used  to  calcu- 
late the  slope  dw/dt  and  hence  d In  jl^Cy-l'yl /dt , Kquat  ion  (p)  was  then  used, 
in  conjunction  with  values  of  - Pj.  obtained  from  the  volume  measurements, 
to  calculate  Pj,;  + Pj;.  .A  summ.iry  of  the  calculations  is  given  in  T.ible  (’• 

Table  7 summarizi's  the  diffusion  results.  The  dit fusion  coefficients 
are  average  apparent  values  for  the  membranes  which,  especi.illy  for  the  multi- 
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j compolU'iiL  iiK'mbr.'iiu's , aiul  tlu-  NASA  si'para  l or  ari'  not  ri'pn-.si-ntat  ivi'  ol 

‘ tho  actual  illl'fuslon  behavior  within  the  membrane.  Wi  have,  therel'ori', 

[ Itateil  also  the  dlfluslon  parameter  I)'  for  one  membrane  laviT  which  appi-ars 

I iiK)re  appropriate  for  practical  use.  Olffuslon  transport  is  similar  for  all 

four  membranes;  on  a per  membrane  basis.  It  Is  somewhat  p.ri’ater  (n  Viskinp, 
and  I’ermlon  2291  than  In  I’219'3  and  the  NASA  si'parator.  A calculation  showed 
that  the  diffusion  c<u'f  f ic  lent  s are  sufficiently  larp.e  to  pri-vent  tiu’  build 
up  of  significant  conci’iU  rat  ion  gradients  iluring  normal  opt-raiiini  ol  Ag/ll.> 
cells.  DIffuslonal  transport  Is  higher  at  the  lower  Ktlll  coiu-ent  rat  ions . 

;;  The  temperature  dependence  of  the  illffuslon  coef  I li- lent  s is  more  i-learly 

; visible  in  the  Arhennius  plots  in  figs.  9 ami  1(1.  'I'lu*  activation  energy 

for  KOll  diffusion  Is  comparable  Jn  all  membranes  ami  appi'ars  to  incriMse 
•1  significantly  with  Increasing  KOll  concentration.  A slmllarlv  strong  elfect 

of  KOll  concentration  is  not  visible  for  the  diffusii'n  of  water.  in  all 
' membranes  water  ilifluses  mort'  rapidly  than  KOll.  'I'lie  illl'tnsion  ci'el  I ic  ii’iit  s 

, for  water  are  on  average  I times  larger  tlian  those  ol  KOll.  This  caust's, 

iluring  e<|u  1 1 ibrat  iiui  of  a (•oncent  rat  Ion  illffi'rence  across  one  ol  the  invi'S- 
tigated  nu'inbraiu's.  a net  flow  of  t' 1 i-c  t rol  y t e from  t lu‘  siile  ol  mori-  dlluti' 

KOll  to  the  siile  ol  iiuire  concentrated  KOll.  As  wi'  will  discuss  in  mon- 
detail  later  this  has  important  implications  on  elect rolyti-  transport  and 
thus  Ag/ll2  cell  operation. 

2. ‘’>.2.  I KOll  and  IH'^  Transfer 

In  order  to  obtain  the  i- 1 ei- 1 ro  I y t e t ran.s  I eii'iici'  num- 
bers tf.  t_,  and  tY,,,  measurements  were  made  of  both  the  di-nsitv  and  volume 
ol  a section  of  KOll  solution  sep.'irateii  from  the  main  body  <>l  tin'  si  lul  ion  lo- 
a membrane.  A 0.200  ampere  current  was  passi'd  throug,h  the  membrane  loi-  an 
j hour,  following  which  the  direction  of  tIu'  current  was  revi-rsed,  and  obsci 

'•  vat  ions  on  the  density  and  volume  were  continued  for  another  hour.  To  t he 

experimental  accuracy,  dV/dt  and  dp/dt  wi'ie  constant  during  each  one  bout 
period.  However,  neiiluT  dV/dt  nor  dp/ilt  was  the  same  on  charg.i'  and  dis- 
charge, and  there  was  no  clear  n-lat  lonsh  Ip  betwei'n  tiu'ir  mag.nitudes  and 
the  signs  of  the  current. 


The  I low  ol  11)0  and  KOll  throug.h  a mi'iiibrane  can  be  expressu'd  bv  1 be 
eiiuat  ions 


where  Is  the  transference  number  for  K (tj,^  = l-toy) , t^^  is  the  transference 
number  for  H2O,  i is  the  current,  Cy  and  are  H2O  and  KOH  concentrations 
inside  (unprimed)  and  outside  (primed)  the  measurement  compartment,  and  Dj^  and 
Dw  are  effective  diffusion  constants  corrected  for  membrane  thickness  and  area. 
The  rate  of  change  of  the  number  of  moles  of  H2O  and  KOH  may  be  related  to 
the  volume  and  density  changes.  For  example,  the  rate  of  volume  change  may 
be  written  as 


dt 


V, 


K dt 


+ V. 


% 


W dt 


(11) 


where  Vj^  and  Vy  are  the  partial  molar  volumes  of  KOH  and  H2O  respectively. 
It  is  then  readily  shown  that 

f - \ - KJ)  - c^) 

ki  (-2  - t^)j  (12) 

or  '■ 

f - \ '“w  - ”k  - V 


Initially,  CV  = % and  = Cr.  However,  after  current  has  been  passed, 
a concentration  difference  builds  up,  and  this  contributes  to  both  dV/dt  and 
dp/dt.  Rather  than  attempt  to  correct  for  these  effects  analytically,  a com- 
puter program  was  written  to  calculate  dny/dt,  dnj^/dt,  dV/dt,  and  dp/dt,  given 
assumed  values  for  Dy,  Dj^,  t^,  and  tw  Use  of  this  program  showed  that  the 
average  value  of  dV/dt  (or  dp/dt)  over  the  full  charge/discharge  cycle  should 
be  independent  of  the  exact  value  of  the  diffusion  constants  and  Dy.  In 
other  words,  reversing  the  current  after  one  hour  experimentally  corrects 
for  the  effects  of  diffusion 


Predicted  and  experimental  values  of  dV/dt  and  dp/dt  were  matched  by 
varying  tjj  and  t^,.  It  should  be  noted  that  the  experimental  values  of  dV/dt 
were  corrected  for  the  change  in  the  void  volume  of  the  Ag  electrode.  The 
electrode,  which  weighed  0.83g,  had  a 0.20  cm^  volume.  At  200  ma,  the  rate 
of  change  of  void  volume  is  .00040  cm^/minute,  which  must  be  added  to  the 
absolute  value  of  observed  rate  of  volume  change  to  obtain  the  rate  of  volu- 
metric flow  across  the  membrane. 
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C^^lculatec^  transport  numbers  for  II2O  and  K at  10°,  25°,  and  4()°C, 
and  In  20%,  )0%  and  40%  KOH  are  given  In  Table  b for  I'acli  ol  tlie  four 
membranes  studied.  The  estimated  iiverage  error  in  the  determinations  is 
t 0.05  for  tH20  and  i 0.03  for  t(^+.  Tills  error  is  sufficiently  large  to 
obscure  the  temperature  dependence  of  the  transport  numbers,  wliich  in  any 
case  Is  not  expected  to  be  large.  On  average  t^l-  and  tii20  Increase  by 
approximately  0.003  per  degree  (l.e.,  0.09  between  10°  and  4{)°C) . Talile 
shows  the  average  values  of  tK+  and  tH20  each  KOH  concentration.  riiesi* 
data  clearly  show  major  differences  among  the  membranes,  and  tlie  dramatic 
decreases  In  1^20  with  increasing  KOH  concentration.  Values  of  1^+  also 
decrease  rapidly  for  tlie  Permlon  membranes,  but  no  effect  of  KOH  concentra- 
tion is  noted  for  the  other  two  membranes.  In  qualitative  terms,  two  other 
major  trends  may  be  summarized  as  follows: 

• Values  of  ti^+  are  substantially  greater  in  the  membranes  than  In 
free  solution,  where  tg+  = 0.22  from  3N  to  12N  KOH.  The  excep- 
tionally large  value  of  1^^+  in  the  Permlon  membranes  are  probably 
related  to  the  cationic  exchange  properties  of  these  membranes, 
which  enhance  K"^  transport.  In  concentrated  KOH  solutions  (40%), 
differences  among  membranes  are  much  smaller. 

• Values  of  tii.,o  are  also  substantially  larger  for  the  Permion 
membranes,  aTthough  the  difference  among  membranes  are  again 
much  smaller  In  40%  KOH. 

As  we  will  show  later,  transport  numbers  for  K^  and  IHO  are  important 
in  determining  the  suitability  of  a barrier  membrane;  in  general,  to  minimize 
electrolyte  transport  and,  hence,  the  mass  of  electrolyte  neetled,  tg+  and  t p lo 
should  both  be  small. 

Measurements  of  ti^"*"  and  tii20  Vlsking  have  previously  Iu-imi  larrit'd 

out  by  Shaw  and  Remanick.2  Their  values  of  tg"^  ranged  from  0.31  in  .’()%  KOH 
to  0.28  in  40%  KOH,  in  reasonable  agreement  with  the  results  given  in  Tahli-s 
8 and  9.  However,  their  values  of  tp20  consistently  J.irger  tlian  t liose 
reported  here:  in  20%,  30%  and  40%  KOH,  the  comparative  values  are  1./  (1.0), 
1.1  (0.8)  and  0.7  (0.6)  respectively,  with  values  from  Tahlt'  9 given  in 
parentheses.  We  have  attempted  to  trace  these  illscrepancles  to  the  observed 
rates  of  volume  and  density  change,  and  have  determined  that  the  difterences 
can  be  explained  by  assuming  that  there  is  a discrepancy  in  tlie  rale  of  volume 
change  but  no  discrepancy  in  the  rate  of  density  change.  It  appears  that  in 
the  experiments  carried  out  by  Shaw  and  Remanlck,  the  rates  of  volume  change 
were  ca.  40%  larger  than  what  we  observed.  However,  wo  are  unable  to  explain 
why  this  should  be  so. 

2.5.3  IKac  k _W  U‘  k 1 nj' 

Tn  a component  package  consisting  of  relatively  "dry" 
absorber  layers  on  one  side  of  a membrane  and  relatively  "wet"  absorber 
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TAlil.i:  8 


TKANSI’OKT  NUMHKRS  KOR  II, ,0  AND  k'*’ 


Membrane 

KOH  Cone . 

Wt  % 

10 

Temperature  °C 

25 

40 

‘^11,0 

+ 

m 

Sl,0 

■a 

VlaklnR 

mm 

■I 

in 

n 

0.  38 

1.04 

0.  39 

0.27 

0.71 

0.29 

mm 

in 

U 

0.30 

0.42 

NASA 

20 

1.10 

0.24 

1.24 

0.  30 

n 

0.31 

Separator 

30 

0.78 

0.28 

0.82 

0 . 30 

m 

0.  38 

40 

0.48 

0.21 

0.72 

0.32 

Ira 

' 0.30 

Perm Ion 

20 

1.60 

0.42 

1.56 

0.47 

1 

1.84 

0.57 

2193 

30 

1 .06 

0.33 

1.04 

0.39 

1.13 

0.40 

40 

0.74 

0.26 

0.75 

0.29 

0.82 

0.  35 

Perm Ion 

20 

1.73 

0.  61 

1.95 

0.58 

1.94 

0.64 

2291 

30 

1.27 

0.43 

1.26 

0.44 

1.22 

0.  51 

40 

0.79  j 

0.32 

0.80 

0.36 

0.  76 

0.42 

TABLK  D 

AVKRACK  OK  TRANS'KORT  NDMBKRS  AT  10.  2.S  AND  40‘'(: 


Transport 

Number 

Membrane 

V Isk In^ 

NASA  Sep. 

2193 

2291 

Vlsktng 

NASA  Sep. 
2193 

2291 

KOH  Concent  rat  li>n  % 

20 

1 30  1 

40 

0.98 
1.21 
1.87 
1 .87 


layers  on  the  other  side  of  the  membrane  electrolyte  transport  will  occur 
In  the  liydrostatic  pressure  gradient  caused  by  capillary  action.  We  con- 
ducted measurements  to  evaluate  this  effect.  Initial  experimentation 
employed  component  stacks  of  different  relative  electrolyte  satur.ition 
separated  by  the  membrane  of  interest.  Klectrolyte  transfer  was  determined 
by  periodic  disassembly  and  nK'nitoring  of  the  weight  change  In  tlu*  various 
components.  We  were  unable  to  obtain  consistent  and  reliable  results  by 
this  technique.  Therefore,  experiments  were  set  up  to  me.isure  tlie  r.ite  of 
back  wicklng  in  an  experimental  configuration  under  Ag/U2  cell  conditions. 
Specifically,  wo  determined  the  degree  of  electrolyte  re-equi 1 ibrat ii'n  as 
a function  of  time  .across  :\  membrane  after  drying  the  absorber  layer  by 
unidirectional  current  flow.  The  cell  arrangement  is  shown  sclienuit  ic.il  ly 
in  Fig.  11.  The  use  of  a gas  electrode  inste.ad  of  tlie  silver  I'l.ate  .allows 
unidirectional  operation  without  restriction  of  electrode  cap.acity. 

The  component  size  is  1-1/2"  x 2"  except  for  the  membrane  which  is 
1-3/4"  x 2-1/2"  (1‘1.3'i  and  28.2  cm^,  respectively).  The  stack  is  compressed 
with  springs  to  a compression  of  'V4  psl,  vacuum  imprep.nat  ed  and  draincil.  Tlu' 
stack  was  charged  in  a closed  container  in  air  at  a.  10  mA/cm-  to  drive  elec- 
trolyte to  the  negative  side  of  tlte  cell  (l.e.,  dry  out  the  asbestos). 

"Dryness"  is  observed  by  an  increase  in  the  iHitenti.al  of  the  ch.arge  evirve. 
Various  times  at  open  circuit  are  allowed  for  re-equilibration  to  occv>r 
before  the  cell  is  charged  again.  The  charge  time  neci'ssary  to  re.ach  the 
same  degree  of  cell  polar  iz.it  ion  (dryness)  can  be  related  to  the  .iiiii'unt  ot 
back  wicked  electrolyte.  After  a few  initial  experiments  the  test  set  up 
was  clianged  to  Include  .a  wick  to  tlie  pellon  side  from  .t  supply  ol  4tVl,  Ktill 
below  the  cell.  This  .assured  constant  eleetri'lyte  satur.ition  ot  the  pellon 
reservoirs,  by  d is.assembl  ing  and  weighing  of  the  asbestos  layer  .alti'r 
impregnation,  after  "drying"  due  ti’  current  flow  .and  after  various  re- 
equilibration times  we  iibtained  a more  quantitative  eorr»'l.at  ion  betwei'n  the 
back  wicklng  rate  .and  the  rel.atlve  separ.ator  saturatiiui  with  el  I'c  t rol  v 1 1' . 

A tyi’lcal  example  of  vo  1 1 .age-t  Ime  traces  is  shown  in  Fig.  12.  The 
experimental  data  are  sunmiarlzed  in  Table  10.  Figure  II  shows  the  b.iek  wiiking 
rate  as  a function  of  electrolyte  saturation  for  Visking  and  Del  It'u  2 1 1 . 

Hie  back  wicklng  rate  is  relatively  high  at  low  electrolyte  saturation  but 
declines  very  r.apidly  .as  the  separator  becomes  "wetted".  Above  WX  eleetvi'- 
Ivte  sat  ur.at  ion  in  the  .asbestos  the  driving  force  is  so  sm.ill  that  the  rate 
of  back  wicklng  becomes  totally  ins  ignl  f ic.ant . For  e»'mp.arlson  the  r.ate  ol 
"drying"  at  SO  m/V/cm^  is  approximately  200*10~^<g  hr"'em“‘’  tor  Visking  .iiui 
400.10-4g  hr~U-m“^  for  D21D1.  Significant  hydrogen  electrode  I’ol.ar  l.-.at  ion 
occurs  after  "drying"  of  the  ashestos  to  about  (i0-70X.  s.atur.at  ii'n.  llie  rate 
of  electrolyte  b.ack  wicklng  for  the  NASA  separator  could  not  be  measuri'd  by 
this  technique.  It  was  found  to  be  too  high  (>S.10“^g  h“'em~-)  so  th.it  tiu' 
large  ohmic  polar  i z.at  ion  due  to  extreme  drying  did  lu't  iH'cur.  The  use  of 
higher  current  densities  leads  to  themval  control  problems. 


Gas  Electrodes 


^OH’ 

2Ag  + 4 or 

Figure  11. 


‘ + 2ff/)  + O2 


2H2O  + 0^  + 4e"  ‘ ^ OH’ 


► He’  + 2H2n  + 2AgO 


H + He’  > H OH’  + 2II2 


Scliomiitlo  of  back  wlckfng  coll  and  c(irrospondlng  I'loctrodo 
road  ions. 


Figure  12.  Voltage-time  traces  of  back  wicking  experiments  in  cells 
using  a Visking  membrane. 
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BACK  WICKING  OF  KOH  THROUGH  VARIOUS  MEMBRANES 


As  will  be  discussed  later,  back  wicking  or  electrolyte  flow  through 
the  argentlstatlc  membrane  is  essential  to  maintain  a constant  amount  of 
electrolyte  in  the  cell  stack  during  cycling.  The  rate  of  back  wicking  has 
to  be,  at  a minimum,  sufficiently  high  to  compensate  for  the  electrolyte 
imbalance  resulting  from  excess  charge  input  over  the  charge  delivered. 

3.  Boiler  Plate  Cells  of  Stacked  Configuration 
3.1  Hardware  and  Cell  Construction 


The  electrode  stacks  were  housed  in  heavy  wall  stainless  steel 
(Type  304)  pressure  vessels  schematically  shown  in  Fig.  14.  The  inner  diameter 
and  height  were  8.76  cm  and  10.16  cm,  respectively.  The  cover  contained 
glands  and  feedthroughs  (Conax)  for  the  terminals,  thermocouples  and  reference 
electrode  leads  as  well  as  a tube  connection  to  the  pressure  transducer  and 
filling  valve.  A needle  valve  in  the  bottom  of  the  pressure  vessel  allowed 
draining  of  accumulated  electrolyte.  To  facilitate  complete  electrolyte  col- 
lection, the  vessel  bottom  was  slightly  funnel  shaped.  Polyethylene  filler 
pieces  were  used  to  adjust  the  gas  space  volume  as  desired. 

The  support  mandrel  is  shown  in  Fig.  15.  The  Noryl  positioning  plates 
are  also  used  to  center  the  electrode  stack  in  the  pressure  vessel.  To  pro- 
vide for  ready  gas  equilibration  the  positioning  plates  have  flat  areas  from 
removal  of  80  mil  of  material  every  60  degrees.  The  center  mandrel  is 
machined  from  Teflon  to  avoid  electrolyte  creepage  and  possible  shorting  by 
silver  migration.  Figure  16  shows  the  shape  and  dimensions  of  the  electrodes, 
absorber  layers  and  membranes.  The  membranes  extend  beyond  the  electrodes 
and  absorber  layers  to  minimize  silver  migration.  To  assure  a constant  stack 
compression  stainless  steel  wave  washers  are  inserted  between  the  base  plate 
and  positioning  plate. 

3.2  Test  Matrix 


3.2.1  Cell  Configurations 

It  is  clear  that  a large  number  of  variables  can  significantly 
affect  the  performance  of  silver-hydrogen  batteries.  Since  the  experimental 
design  is  limited  to  between  16  and  32  tests,  it  is  equally  clear  that  only  a 
limited  number  of  variables  can  be  examined.  Table  11  lists,  by  class  of 
priority,  the  variables  we  believe  to  be  of  greatest  significance. 

If  all  eight  variables  listed  were  independent  of  each  other,  no  more 
than  eleven  experiments  would  be  needed  to  determine  the  effect  of  each  — 
one  reference  experiment,  three  experiments  to  test  membrane  materials,  and 
seven  experiments  to  test  the  other  variables.  Additional  replications  would 
of  course  be  needed  to  determine  the  Influence  of  experimental  error. 
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TAIU.K  I I 


1.1  ST  111'  TKST  VAKI  AKl.KS 


1.  Nombrauo  Mat  or  la  I 

a . NASA 

b.  rormion  21*11 

c.  r»'rmloa  22*11 
il . Visklng 

2.  riato  Tb I oknos.'J  (Aj;) 

a.  T ((1.(12*!  om) 

b.  2.S  T 

1.  Niimbor  oT  Mombraiu'  l.avors 

a.  1 lavi'f 

b.  2 lavors  for  NASA  or  Tormii'n  21*11 

I lavi'is  tor  I'ormion  22*11  or  Vlskiiij', 

l\ . Amount  o I I'  loot  ro  1 v t o 

a.  low  (2  and  1 abo.srbor  lavi'is  l\'r  (,,  and  t|,  tosp.l 

b.  Mi  nil  (1  and  S absorbor  lavors  tor  t and  tj,  tosii.'l 

b.  (a'lls  por  l’r»'ssnrt>  Vi'ssol 

a . Sor 1 os  (21 

b.  IMrallol 

(>.  Staok  Conf  l>>nrat  ion 

a.  tlaok-l  o-baok  An  olootrodos 

b.  Koo  iri-nlat  Ion  oonf  In.nrat  Ion 

/.  Kdno  St'al 

a.  AbsoiU 

b.  I’rosoni 

H.  KU'otroIvto  (tonoi'nt  rat  ion 

a.  bow 

b.  Mini' 


Abbr ov  1 .1 1 ion 
N 

111(1 

111, 

III  I 
111  , 

T 

‘d 
' I 
N 

"0 

"I 

b 

''ll 

*'1 

K 

I's 

Kp 

K 

' 0 
*1 
S 

‘*(1 

(■ 

*'0 


If,  on  the  other  hand,  all  eight  variables  were  mntiuillv  dependent. 


the  mlnlmuro  number  of  experiments  required  — according  to  the  priiuipl«‘s 
of  factorial  analysis  - is  4 x 2^  “ 512.  Again,  repi  icat  l<uts  are  tu>t 
included.  Kven  a determination  of  the  Interdependent  effects  of  tl’.e  1 Ive 
highest  priority  variables  would  require  at  least  4x2^*-  t>4  experiments. 

In  experiments  involving  large  numbers  of  variables.  It  is  otten 
necessary  to  sacrifice  some  accuracy  by  reducing  the  number  of  exp»-r Inu-nt s 
carried  out.  This  reduction  can  be  carried  out  In  a systematic  wav,  so 
that  the  main  effects  of  the  priimiry  variables  (i.e.,  the  "factors"  ol  a 
factorial  analysis)  are  determined  with  relatively  snui  1 1 error,  the  etlects 
of  pairwise  interactions  between  factors  are  deterraln»‘d  st'mewhat  less 
precisely,  while  the  effects  of  higher-order  interactions  are  assumed  to 
be  negligible.  If  the  effects  of  all  Interactions  .imong  thri-e  or  more 
factors  can  be  assumed  (e.g,,  ABC, A1UT),ABC1)K,  etc.),  a few  additional 
experiments  will  provide  an  estimate  of  the  exper inu-nta 1 error. 

Considering  the  number  of  possible  experiments,  the  relative  impor- 
tance of  the  various  factors  and  the  expected  extent  of  i nt erac t liui , we 
designed  the  following  basic  experiments;  (1)  M-T  interaction,  consisting 
of  »'ight  experiments;  (?)  T-N-K  interaction,  also  consisting  of  eight  experi- 
ments (see  Table  12).  In  the  TNI',  series,  all  t^^-level  experiments  will  be 
carried  out  In  the  series  arrangement  (k„)  and  all  t (-level  experinunits  in 
the  parallel  .irrangement  (kp).  Since  tlio  M-T  exi>erlments  I’lMvide  a separ.ite 
estimate  of  the  main  effect  of  T,  the  total  groui'  of  lb  will  alsi>  prc'viile 
an  estimate  of  the  importance  of  K.  A rougit  estimate  of  exi'er  iment  a 1 i-i  rot 
will  be  obtained  from  the  three-factor  TNE  interact  imi,  and  from  t Ite  assunnd 
un inqtortance  of  the  two-factor  TN  and  NK  interactions.  However,  indeiu-ndent 
estimates  of  experimental  error  are  also  available  from  cvi'ling  i-xperienio  i l 
r e 1 a t ed  sys  t ems . 

The  specific  stack  arrang.einents  are  as  follows:  IVo  sllvei  iM  ec  1 1 odt' 
tlilcknesses  were  selected  at  10  and  25  mil.  Each  eleclroile  slack  will  con- 
tain four  silver  electrodes.  Thus  cells  with  approximati'ly  eight  anil  17  Alt 
capacity  result.  Eor  multistack  arrangements  in  a comitutn  (tressure  vessel, 
we  have  two  stacks  with  2,25  mil  Ag  electrodes  (or  4,10  mil  Ag  elecintdes) 
in  series.  This  results  in  a capacity  of  ap|>rcix  im.it  el  y eight  Ah  .iiul  in  .i 
pressure  range  comparable  to  the  17  Ah  cells.  This  conf  igur.it  ion  nvikos  it 
possible  to  use  the  same  pressure  vessels  .ind  to  cycle  test  multist.ick  cells 
together  with  the  other  eight  Ah  cells. 

In  reference  to  the  test  nvitrix  1 in  T.ible  12,  wo  note  Ih.il  eo 
needs  further  specification.  This  parameter  describes  a li'vel  ol  olectivi- 
lyte  In  a coll  unit.  Spec  i f ic.il  1 y , configuration  mj  , was  .as  tollows: 


Ag  electrode  10  mil 
Nvlon  (Pel  Ion  2505) 


TAUl.K  12 


TIIK  SIXTI'.KN  IIICIIKST-I'RIOKITY  KXl’K.R  IMKNTS 


I.  Parallel  Configuration;  MT  Interaction 
N,E  fixed  at  nQ,eQ.  Eight  experiments. 
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Main  Effects:  M,T 
Interaction:  MT 

TI.  Parallel  and  Series  Configurations:  TNE  Interaction 
M fixed  at  mj.  Eight  experiments. 
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Membrane  (P-2193) 
Nylon  (Pellon  2505) 
Ht  electrode 


3 

This  package  absorbs  approx limitely  2.2  cm  of  electrolyte  In  the  discharged 
state.  The  overall  electrolyte  decrease  during  charge  would  be  approxi- 
mately 25%. 

Configuration  nijt^  was: 

Ag  electrode  25  mil 
Nylon  (Pellon  2505) 

Membrane  (P2193) 

Nylon  (Pellon  2505) 

Nylon  (Pellon  2505) 

H2  electrode 

This  configuration  contains  approximately  4.3  cm^  of  electrolyte  (e()=4.3  cm^) . 
During  charge,  the  overall  change  would  be  about  32%.  in  arrangements  using 
the  NASA  separator,  this  compcinent  will  replace  the  memhrani'  and  one  nylon 
layer  (H^  side)  in  the  above  shown  se(|uences. 

The  submatrix  II  In  Table  XII  examines  the  effects  of  the  number  of 
barrier  layers  and  of  the  amount  of  electrolyte  with  series  and  parallel 
arrangements.  Specifically,  configuration  e]  was  a series  stack  with  the 
following  component  sequence: 

Ag  electrode  10  mil 
Nylon  (Pellon  2505) 

Membrane  (P2193) 

Nylon  (Pellon  2505) 

Nylon  (Pellon  2505) 

H2  electrode 

3 

This  arrangement  contains  approximately  3.4  cm  electrolyte  and  would  show 
a 16%  overall  change  upon  charge.  Membrane  P2193  was  selected  because  it 
promised  best  Ag  retention  In  a single  component  configuration  (ft  is  .1 
laminate).  The  equivalent  high  electrolyte  configuration  ejtj  was: 

Nylon  (Pellon  2505) 

Nylon  (Pellon  2505) 

Ag  electrode  25  mil 


Tills  ct’ll  COD lilt'd  S.5  cm  of  oloctrolyto  In  tlio  discharged  state 

and  was  expected  to  show  changes  of  about  25%  during  charge. 

1.2.2  Tes  t Keg  line 

The  cells  were  activated  by  vacuum  Impregnation  with  potassium 
hydroxide  (stacked  cells  TO  wt  %) , formed  at  ‘H'/bO  and  cycled  several  times  at 
0/2  to  detei'inlne  their  capacity.  They  were  then  tested  In  a specialized 
cycle  regime  shown  In  I'lg.  17.  Kacli  test  cycle  contains  two  deep  discharges. 
Testing  occurred  at  constant  current  with  a microprocessor  controlled,  lb 
station  battery  cycler.  Voltage  pressure  and  temperature  data  were  constantly 
recorded  and  stored  on  nvignet ic  tape.  Klectroly te  expelled  from  the  cell 
stack  was  periodically  drained  from  the  pressure  vessel. 

3.1  Tesj;  Results 

3.3.1  T retest  _Cv c l_t n_jj 

I’rior  to  assembly  of  all  lb  cells  specified  In  the  test 
matrix  (l'abl<’  12)  we  assembled  one  cell  (mj  kp  tj)  and  subjected  It 
to  straight  charge-discharge  cycling  to  establlsli  that  the  selection  of 
parameters  was  In  a realistically  suitable  range,  'llie  cycle  data  are 
summarized  In  Table  1 1. 

Since  the  selecteil  parameters  appearcil  to  be  within  a practical  range, 
lb  cells  were  assembled  with  the  conf  Igurat  Ions  specified  In  Table  I 'i . iT-lls 
No.  10,  11,  12  and  15  were  ei|uipp«'d  with  multiple  thermocouples  located  between 
two  back-to-back  silver  electrodes.  Cells  5,  b,  15  and  lb  were  equipped  with 
pressure  transducers  (the  other  cells  hail  gauges)  reference  electrodes  and 
oxvgen  sensors  (polarocaapluc  sensor  incorporated  Into  the  pressure  vessel). 

Trior  to  the  accelerated  test  cycling,  the  cells  were  formed  and  sub- 
jected to  several  charge-discharge  cycles.  The  pretest  history  for  the  cells 
is  sumnvirlzed  in  Table  15.  Pue  to  eipilpment  difficulties,  data  of  some  inter- 
mediate cycles  is  incomplete  and  the  amount  of  overcharge  was  higher  than 
intended  (up  to  100%).  Therefore  we  re- Impregnat ed  all  cells  with  30%  KOll 
prior  to  the  accelerated  cvele  testing.  Oetalled  d.ata  on  Cycles  1 and  (i 
are  sunmiarlzed  in  Tables  In  .,,ul  17.  Cell  eapaeities  showed  relatively 
wide  variation,  (a'll  voltage  within  a group  (thin  Ag  electrodes  or  tlilck 
electrodes)  showed  only  simill  dilferences.  Thick  electrodes  polarized 
more  strongly  than  thin  electrodes.  This  effi'ct  Is  much  more  pronounced 
on  charge.  After  re- Impregna t Ion  with  electrolyte,  the  capacities  of  indi- 
vidual cells  showed  noticeable  changes,  however,  no  general  trend  could  be 
detected  except  possibly  a decrease  iu  capacity  ol  the  cells  with  thick 
silver  electrodes.  Klectrode  polarization  was  slightly  less  after  re-lmprenat Ion . 
Again,  this  effect  was  nx're  pronounced  on  charge  than  on  discharge. 


Figure  17.  Accelerated  test  cycle  regime  i^  and  i = current  for  cells  with  thin  and  thick  silver  elec- 
trodes, respectively. 


CYCLE  DATA  FOR  SILVER  HYDROGEN  CELL  OF  CONFIGURATION 


CONFIGURATION  AND  INSTRUMENTATION  OF  TEST  CELLS 


TABLE  15 


PRETEST  HISTORY  OF  Ag/H^  CELLS 


(1) 


Cycle 

No, 


Data  Record 
No. 


Current  (A) 

Charge  Discharge 


Comments 


! 1 

00,  01,  02, 
03 

0.17 

0.43 

3.50 

8.50 

Formation;  cell  No.  11  and  18 
failed. 

2 

04,  05 

3.50 

10.30 

Discharge  current  not  constant. 

3 

06,  07 

6.90 

19.50 

6.0 

17.5 

Difficulties  with  voltage  limits 

4 

08 

7.00 

19.50 

7.00 

17.50 

Cells  4 and  6 failed  - difficul- 
ties with  voltage  limits. 

5 

09 

7.00 

19.50 

7.00 

17.50 

1 

OB,  OE,  OF 

Charge-discharge  tests  of  Cells 

OD 


10 


6.80  6.90 

17.25  17.25 


and  12 

Self  discharge  test. 

All  cells  re- Impregnated  with  KOH. 

Cell  11  reconnected.  Cell  15  added; 
maximum  and  minimum  pressure  re- 
corded, displaced  electrolyte  drained. 


(1) 


Lower  and  higher  current  values  for  cells  with  thin  and  thick  plates 
respectively. 
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TABLE  16 


DATA  FOR  PRETEST  CYCLE  1 


Charge  Capacity 

Cell  Station 

No.  No.  Step  1 I Step  2 I Step  3 


^^^Startlng  pressures  were  105  psig  in  all  cells,  high  pressure 
reading  after  48  hrs. 

(2) 

Single  discharge  plateau. 
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DATA  FOF  PRETEST  CTCT.E  A 


During  the  pretest  cycling  we  observed  relatively  high  rates  of  self- 
discharge  in  certain  cells.  We  therefore  conducted  a self-discharge  test 
between  cycles  5 and  6.  The  completely  discharged  cells  (0  V)  were  charged 
to  approxlnuitely  10%  state  of  charge  (5  min  at  6.9  or  17.25  A)  followed  by 
open  circuit  stand.  The  cell  potential  of  Cell  i dropped  below  0.1  V after 
25  hrs  and  that  of  Cell  13  to  1.18V  indicating  that  one  of  tlie  two  cell 
stacks  had  failed.  Between  40  and  64  hrs  the  cell  potential  of  Cells  5 
and  15  dropped  below  O.IV.  The  remaining  cells  retained  their  open  circuit 
voltage  of  about  1.18V  beyond  the  64  hour  test. 

3.3.2  Accelerated  Cycle  Testing 

The  cycle  regime  used  for  the  accelerated  testing  is  shown 
in  Fig.  17.  All  cells  within  a group  (thin  and  thick  silver  electrodes) 
were  cycled  with  the  same  current  which  was  based  on  a nominal  capacity  of 
5.2  Ah  for  the  cells  with  thin  silver  electrodes  and  14.0  Ah  for  the  cells 
with  thick  silver  electrodes.  Thus  the  maximum  depth  of  discharge  for 
individual  cells  is  between  60%  to  89%  to  82%  for  cells  with  thin  and  thick 
silver  electrodes  respectively.  The  final  charge  of  the  cycle  regime 
Includes  15%  overcharge.  One  complete  pass  througli  the  regime  shown  in 
Fig.  17  is  considered  as  one  cycle.  It  includes  two  deep  discharges. 

Cell  potentials  for  a typical  cycle  are  shown  in  Fig.  18.  Charge 
and  discharge  potentials  for  individual  cells  changed  only  slightly  during 
cycling.  There  are  clear  differences  in  the  time  for  the  transition  from 
the  first  to  the  second  charge  plateau.  The  cells  with  thick  silver  elec- 
trodes polarize  more  than  those  with  thin  electrodes.  The  differences 
between  different  cells  with  thick  silver  electrodes  are  very  small.  Tliin 
silver  electrode  cells  show  somewhat  larger  v.nriations  in  polarlzat  ion, 
liowever,  there  appears  no  inmiediately  recognizable  correlation  with  cell 
configuration. 

Silver  electrode  potentials  versus  a liydrogen  reference  electrode 
showed  that  the  hydrogen  electrode  polarizes  about  25  to  30  mV  during 
discharge  of  cells  with  thin  silver  electrodes  (v21  nv\/cm-)  and  60  to  65  mV 
during  discharge  of  cells  with  thick  silver  electrodes  mA/cm^) . The 

silver  electrodes  polarize  during  discharge  20  to  30  mV  and  120  to  130  mV 
for  thin  and  thick  electrodes  respectively  (almost  0 rate).  A typical 
open  circuit  voltage  for  a silver  hydrogen  cell  with  low  state  of  charge 
(vlO  to  20%)  is  1.18  to  1.19V. 

Temperature  excursions  in  the  cells  arc  low  but  correlate  clearly 
with  the  cycling  regime  (Fig.  19).  The  temperature  peak  during  overcliarge 
is  strongly  dependent  on  the  amc)unt  of  overcharge. 

Tlte  test  history  is  summarized  in  Table  18.  The  cycle  regimi'  was 
interrupted  during  the  24th  test  cycle  by  a failure  of  the  cycle  control 
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TAHIJ'’.  J8 


TEST  lit  STORY  OF  Ai;/ll2  CEM.S 


Cycle 

No . 

Data  Record 

No. 

Comments 

1 

11 

Cells  1 to  3,  5,  7 to  17  started  cycling. 

Cells  7 and  13  failed. 

3 

13 

Cell  5 failed. 

11 

lA 

Cells  5,  7 and  13  reinserted. 

Cells  5,  9 and  13  failed. 

14 

IE 

Cell  11  failed. 

21 

25 

Cell  3 failed. 

23 

27 

Cells  8,  14  and  16  failed.  ■ 

24 

28 

Test  Interruption  due  to  failure  of  the  cycle 

microprocessor.  1 

29  and  30 

Two  charge-discharge  cycles  at  C/2  rate 
(capacity  recorded)  followed  by  full  charge. 

25 

31 

Test  cycling  continued  with  all  cells  in- 
cluding previous  failures  except  Cell  No.  2 
(defect  in  cycler  Station  No.  08). 

Cells  411,  5II,  611  are  newly  rebuilt. 

Cells  9,  11,  1,  7,  13  and  611  failed. 

27 

33 

Cell  10  failed. 

29 

35 

Cells  14  and  15  failed. 

31  or 

32 

37  or  38 

Cells  3 and  5II  failed. 

33 

39 

Cell  411  failed. 

34 

3A 

Cell  12  failed. 

37 

3D 

Cell  2 reconnected  (Station  OC) 

44 

44 

Cell  16  failed. 

47 

47 

Charge  retention  test  for  failed  cells. 

49 

49 

Cell  2 failed. 

53 

40 

Cell  8 failed. 

Tcj?j; 

Conditions  Modified 

54 

4E 

Cells  7,  9,  11,  15  (thin  Ag  plates)  and  2,  4, 

8,  10,  12,  14,  15  (thick  Ag  plates)  started 
at  70%  of  previous  test  currents. 

55 

Cells  7,  9,  11,  15,  2,  4,  10  failed. 

lOJ  70  Coll  12  failed. 

103  7F  Cell  8 failed. 

104  80  Test  terminated. 

Capacity  and  overcluirne  tost. 

« 

I 
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computor.  Prior  to  tost  eoiit  (oust  loii,  tlio  rolls  Ii.ul  to  l>o  rooh.irp,o<l . Wo 
usoil  this  occosloii  to  carry  out  a rapacity  tost  luvolvlnn  two  C/'l  rhargo- 
dlschargo  cyclos.  Tho  voltage  and  capacity  data  arc  summarized  in  Tablt'  1 ') 
The  capacity,  especially  of  the  thin  plate  cells,  was  found  li>wer  than  In 
the  pretest  cycle  No.  b.  All  cells.  Including  most  of  those  pri'vlously 
failed,  were  subjected  to  this  test  cycle. 

Three  new  cells  4-11,  S- 1 1 and  b-ll  were  assembleil  and  after  l('rmatlon 
Included  In  subsecpient  testing.  These  cells  are  Identical  In  coni  igurat  U'n 
to  the  previously  failed  cells  4,  *)  and  b but  contalni'd  smaller  absorber 
components  (I’^IOS,  1 . .14  In.  00  litstead  of  .1.  1/  in.  (Mil.  The  intent  was  to 
reduce  the  tendency  lor  silver  migration  around  f iu'  external  periini'ter  by 
providing  a larger  overlap  of  the  argent istat  ic  membranes. 

Ouring  continued  cycliitg  cells  failed  as  indicated  in  Table  IS. 
(lenorally  cells  failed  during  the  first  or  second  di'ep  discharg.e  of  the 
cycle  regime.  An  interesting  deviation  is  shown  in  I'ig.  dO.  th'll  10 
almost  failed  in  cycle  L’('  during  the  first  dei'p  iliseharge.  SubstsiueiU  1 v 
It  appeared  to  reci'ver  but  then  failed  early  in  the  lolK'win;',  cvele. 
t'ell  .S  failed  on  charge  indicating  a fairly  massivi'  silvi-r  bridging. 

After  test  cycle  1.1  (lOti  deep  d 1 schargi'sl  all  cells  were  cut  out  by 
the  low  voltage  limit.  To  obtain  additfonal  ini  orm.i  t i(>n  all  cells  were 
subjected  ti>  a chargt'  n'tention  test  (.sih-  bi'low).  I'levi-n  el■ll^:  retained 
10%  charge  for  iwer  four  tunirs.  These  cells  weri'  ri'ceniu'c  t ed  to  the  i-yeler 
anil  cycled  at  a moilificii  test  regime  using  70%  ot  the  ortg.in.il  current 
values.  'The  test  hlstorv  is  also  summari/ed  in  T.ible  IS.  1 1 but 
four  cells  failed  during  thi'  initial  two  eveles.  fells  S tup;  mt;  t;:  ejil 
12  (np;  m|  ; t|;  ej)  14  {n|;  m|  ; t|:  I’p)  and  I (i  (iij;  iii|  ; t|;  e|l  .leeumii  I .i  t ed 
82,  SO,  lOT  ;ind  ‘>4  .ictual  evcti’s  respect  ivelv  eori  i'spond  ing  to  twice  is 
manv  ileep  dlschargi’s.  Approximately  ‘>0  cycles  are  .it  the  redueeil  depth  ol 
d I sc barge. 


1.1.  I I',  1 ee  t ro  ly  t e boss t torn  fell  St  .teks 

To  obtain  more  insight  into  electrolyte  iii.in.igeiiu'nt  in  Ag,/lli 
cells,  we  measured  the  .iiiH'uitt  of  eli-etrolyte  n-tained  in  I lu-  st.iek  and  in 
Intervals  also  the  electrolyte  lost  from  the  cell  st.iek.  The  d.it.i  is 
summ.irlzed  lit  'Ttible  i’O.  Aecur.ite  measurements  I'speei.illy  ol  t lu>  initi.illv 
retained  electrolyti'  and  ol  the  eli'ctrolyte  ri't.iined  iipi'n  re  inii'reg.n.il  ion 
are  difi  icult  since  they  result  1 rom  the  dilterenee  ol  two  l.irg.e  v.ilues. 
Also  the  amount  ol  electrolyte  retained  in  the  gas  dittusion  sp.iees  is  ni’t 
well  defined.  If  one  assumi's  complete  expulsion  ol  this  »' 1 ec  t i o 1 t e dm  ing, 
the  initial  cycles,  tlu'  second  dr. lining,  of  electrolyte  .ilti'i  impreg.n.it  ion 
may  hi'  a iiselul  indication  ol  electrolyte  loss.  Mere  it  appe.irs  th.il  t he 
loss  of  electrolyte  is  less  from  stacks  with  high  electrolyte  leyel  t.'O 
than  from  those  with  ep.  In  vii'w  ol  the  relatively  short  test  lime  .iiul  the 
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SUMMARY  OF  ELECTROLYTE  LOSS  DATA 


fter  fonr.atlon. 


greatly  varying  minihor  ot  lost  cycles  tor  eacli  coll 
tat  ion  appears  not  possible. 


a ineanlngtul  interpre- 


1.1.4  t'^'  1 I Ka  i 1 lire  Analysis 

1.1. 4 . 1 ('.liarge  Ret  on t ion  IVs  t 

Tbe  tailed  cells  were  subjected  to  .i  ch.irge  reCcn- 
tion  test  as  to  1 lows:  The  completely  discharged  cells  tO  V)  were  cli.irged 
to  10%  state  of  ch.irge  followed  by  open  circuit  stand.  Cell  voltage  was 
nxinltored  as  a function  ot  time. 

A typic.il  voltage-time  trace  tor  a series  cell  is  sliown  in  Fig.  .’I. 
both  st.icks  show  discharge  due  to  silver  bridging  (tlie  rate  of  self  liischarge 
by  reaction  of  silver  oxide  with  hydrogen  is  cons ider.ib 1 y lower)  at  slightlv 
different  rates.  The  voltage  cliangos  after  reduction  of  the  silver  oxide 
.iri'  quite  rapid.  Table  .11  summari".cs  the  results  ot  the  charge  retiait  ion 
test . 

t.  1.4.2  I’hvs^ical  F.:^imin;Uion 

All  tailed  cells  were  cari'fullv  disassembled  anil 
analyzed.  The  lindings  were  as  follows:  All  cells  showed  silver  migration 
around  the  inner  and  outi’r  edge  of  the  separator  membranes  imiicati'd  bv 
dark  areas  on  tlie  hydrogen  side  absorber  layers.  Fig.  22  shows  a tyj'ical 
example.  Silver  deposits  can  be  seen  on  hydrogen  electrodi's.  General Iv. 
silver  migration  was  he.ivier  at  the  lower  pl.ites  ot  the  cell  st.ick  and  near 
the  tab  connection.  Focalized  burned  .areas  weri-  detected  .api'.irent  1 v cause. I 
by  heating  vi.i  silver  dendrites.  In  cell  d we  di'teeted  burned  I’l'lli’ii  2'n''i 
areas  at  the  top  Ha  electrode  which  appear  like  oxygen-hydrogen  burns, 
lle.avy  silver  deposits  were  distributed  throughout  the  silver  side  .ibsorber 
layers.  This  appeared  somewhat  less  severe  in  the  st.icks  with  higli  elec- 
trolyte content.  Silver  penetrated  also  through  the  membranes  althoug.h  not 
rapidly  enough  to  cause  lailure  in  our  cells.  the  NASA  separ.itors  were 
quite  d.irk  on  the  hydri’gen  electrode  side  Indicating  silver  j'assage.  '1‘he 
hydrogen  electrode  absorher  l.ayer  behind  Vlsklng  w.is  strongly  yellow.  Sil- 
ver ponetr.it  ion  through  Fermion  2291  appears  more  spotty  possibly  indicating 
i nhomogene i t I es  in  the  membr.ines.  No  Ag  penetration  was  observed  with 
Fermion  2191  a mullilaver  laminate.  Most  cells  appeared  quite  dry  upon 
d Isassembly . 


1.1.  S ll^iju'uss  i ini 

A summary  ot  the  number  of  .iccelerated  test  cycles  to  lailure 
Is  shown  in  T.ible  22.  I'.uli  cvcle  Included  two  deep  discharges.  In  add  i I ion, 
the  cells  were  subjected  tc*  sever.il  pretest  cycles.  Time  to  lailuri'  v.iiied 
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TABLE  21 


CHARGE  RETENTION  OF  FAILED  CELLS.  CHARGE  INPUT  0.52  Ahr 
FOR  THIN  AND  1.4  Ahr  FOR  THICK  PLATE  CELLS  (DATA  RECORD 

NO.  47) 


Cell  No. 

Station  No. 

Time  to 

Failure 

(hrs) 

9 

00 

9.25,  10.5  Both  stacks  failed. 

11 

01 

8,  ^ 24  One  stack  failed. 

1 

02 

4 

3 

03 

1 

5 

04 

3.5 

7 

05 

Not  tested. 

13 

06 

3,  > 24  One  stack  failed. 

15 

07 

> 24,  > 24  Neither  stack  failed 

- 

08 

Not  tested. 

10 

09 

6.5 

4 

OA 

7 

12 

OB 

24 

2 

OC 

Not  tested. 

14 

OD 

> 24 

8 

OE 

Not  tested. 

16 

OF 

> 24 

63 


Figure  22.  Hydrogen  electrode  absorber  layer  and  membrane 

of  a cycled  Ag/H2  cell  (Cell  No.  5).  Dark  areas 
on  the  absorber  layer  show  silver  migration 
around  the  membrane  edge. 
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Thick  Plates  i Thin  Plates 


widely  from  1 to  51  - 10. b hr  cycles.  Sometimes  a failed  cell  will  cor.t  Imie 
for  a substantial  number  of  cycles  after  a C/2  rate  char};e-discharpe  cycle 
(e.g.,  cells  3,  7,  8,  16).  The  general  mode  of  failure  was  via  "soft  shorts" 
caused  by  silver  bridging  around  the  membrane  edges.  Thus  the  results  are 
not  suitable  to  evaluate  the  various  parameters  of  the  test  matrix.  A 
main  effort  was  to  be  directed  towards  finding  of  an  effective  solution  of 
the  sliver  bridging  problem. 

4 . Boiler  Plate  Cells  of  Rolled  Configuration 

4 . 1  Hardware  and  Cell  Construction 

Silver  migration  .around  the  inner  and  outer  edge  areas  lias  been 
identified  as  the  main  problem.  To  eliminate  this  problem  we  changed  the 
cell  design  to  a rolled  configuration  which  allows  considerably  larger 
membrane  overlapping.  The  cells  contain  7.5  x 25  cm  silver  and  hydrogen 
electrodes  in  a single  wrap  along  the  inside  pressure  vessel  wall  (see 
Fig.  23).  The  electrode  package  Is  retained  by  a 30  mil  open  cylinder  of 
Ni200  and  a stainless  steel  retaining  ring  (TRUARC) . The  membranes  overlap 
1 cm  at  the  top  and  bottom  and  1.5  cm  in  the  gap  where  the  electrodes  meet. 

The  NASA  separator  .almost  butts  in  the  gap  since  it  was  not  possible  to  bend 
it  inwards.  Thermocouples  are  located  in  the  gas  screen  on  the  hydrogen 
electrode  side.  Reference  electrodes  consist  of  a full  size  component  with 
a siruill  active  area  on  the  Inside  of  the  wall  adjacent  to  the  nickel  retaining 
cyllitder.  Electrolyte  connection  is  provided  via  a wick  from  the  hydrogen 
side . 


4 . 2 Test  Matrix 

To  maximize  the  infornuition  obtainable  from  the  cell  tests  we 
decided  against  exact  duplic.ation  of  the  original  test  matrix.  The  modified 
matrix  is  as  shown  in  Table  23.  Forty  (lercent  KOH  is  used  fi'r  C;  . All 
other  symbols  are  as  described  earlier  (see  .Sect.  3.2).  The  test  regime 
consisted  again  of  the  accelerated  AF  cycle  described  in  paragraph  3.2.2. 

4 . 3 Rest!  1 ts 


4.3.1  Pretest  Cycling 

The  16  cells  were  vacuum  Impregnated  with  40.  KOH  and  tilled 
to  100  psig  with  112.  Cells  containing  the  NASA  separator  cells  were  soaked 
over  night  filled  with  KOU.  T.able  24  summarizes  the  tost  historv  o1  the 
rolled  Ag/H2  cells.  The  formation  charge  was  carried  out  at  a C/bO  rate 
(0.333A  and  0.133A  for  thick  and  thin  cells  respectively).  Oespite  the  low 
current  density  some  cells  exceeded  2.5V  and  could  not  be  discharged  at  a 
reasonable  current  density  ('■C/10)  without  severe  polarization.  Since  the 
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TABI.r.  2 3 

TKS'l'  MATRIX  FOR  ROLLF.l)  Ag/11^  CKIJ.S 


Cells  21,  22,  23  and  24  are  instrumented  (Ref.  Electrode,  Thermocouple, 
O2  Sensor) . 

Main  Effects:  M,  T 
Interaction:  MT 


TABLE  23 
(CONTINUED) 


A:  N,  M,  C fixed  at 


*Carried  out  in  Set  I. 

Main  Effects:  E,  T 
Interaction:  ET 


B: 

T,  C,  N fixed  at  t^, 

®0 

17* 

30 

^2 

21* 

31 

23* 

32 

3 

*Carried  out  in  Set  I. 

Main  Effects:  E,  M 
Interaction:  EM 


TAIU.K  24 
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t'xpor  imont  a I evldonco  pointed  to  lack  of  ol  octroi  yto  as  t Ito  cause  for  tlie 
hinh  cell  Impedance,  all  cells  were  re  imprep.nated . After  re  imprepnat  Ion , 
cells  wliieli  previously  |>olarfzed  severely,  discliarKod  normally.  Dnrinp,  a 
second  formation  clt.arne  the  same  behavior  described  above  was  encountered 
again.  The  problems  wi're  more  pronounced  with  the  tlilck  electrode  cells. 
Figures  24  and  2S  show  typical  potent  la  1 -t line  behavior  during  formation 
eh.arge.  A more  detailed  comparative  evaluation  Is  given  in  Table  It 

shows  tliat  the  second  Impregnation  did  help  moderate  the  polarization  some- 
what, however,  the  basic  problem  remains,  and  as  we  will  discuss  later,  is 
of  a more  fundamental  nature. 

IVo  characteristic  voltage  time  curves  for  the  C/2  rate  cycles  are 
shown  In  Figs.  20  and  27.  The  voltage  trace  of  Cell  17  is  fairly  normal. 

Cells  21,  23,  31  ami  32  sliow  similar  beliavior.  Ceil  1*1  (Fig.  27)  shows 
the  voltage  Increase  on  charge  and  the  voltage  dip  on  subsequent  discharge. 
This  behavior  was  found  more  or  less  [ironounced  in  all  other  cells. 

4.3.2  Accelerated  Cycle  Testing 

After  the  formation  and  C/2  capacity  cycles,  the  cells  were 
tested  using  accelerated  AF  cycles.  The  charge  and  discharge  currents  wi're 
0.433  A for  tliin,  1.20  A for  thick  and  4.33  A for  thin  12.0  A for  thick 
plate  cells  respectively  corri'spond ing  to  nominal  capacities  of  3.70  Ah  for 
tliin  and  13.0  Ah  for  thick  plate  cells.  I'lu'  thick  Ag  plate  cells  21',  22,  2t) 
and  27  were  not  incliuled  in  this  test.  Of  the  thick  Ag  plate  cells,  only 
the  two  cells  with  the  inorg,anic  NASA  separator  remained  in  operation  bovi'iul 
the  second  cycle.  Of  the  thin  plate  cells,  two  with  Visking  failed  during 
the  dth  and  2lst  cycles  while  the  ones  containinj',  the  NASA  separator  con- 
tinued to  cycles  48  aiul  (13.  ()nly  the  thick  plate  cell  (No.  23)  compli'ted 
over  300  AF  cycles  correspomi  i ng  to  over  1000  dee)'  dischargi'ii  without  lailnri'. 
The  test  history  is  summarizcil  in  Table  2(>.  Voltaip'  ilala  It'r  lU'll  No.  2'' 
during  cycle  184  and  328  are  shown  in  Figs.  28  and  2'l . After  tlu'  last  cvelo 
till'  cell  was  left  on  o|'en  circuit  to  determine  its  rate  of  sell  discharge. 

3'he  ri'sults  are  discussed  later.  Subseiiueiit  ly  a 0/2  rate  charge-discharge 
cycle  was  used  to  determine  cell  cai'aclty.  At  7 . 3A  (nominal  0/2  rate)  the 
cell  cai'acity  to  .8V  was  12.2  Ah. 

Opon  disassembly  ol  the  cell  it  was  noted  that  the  silver  side 
nylon  .absorber  layer  was  black  and  contained  a considerable  amount  of  sil- 
ver. The  NASA  sei'arator  was  very  dark  at  the  membrane  side  and  dark  g.rev 
on  till'  side  facing  the  Ha  electrode.  The  lla  electrode  showed  larg.e  areas 
of  distinct  silver  di'i'osition  .and  the  .adj.icent  nylon  .absorber  l.ivi'rs  were 
medium  grey  Indicating  t hi'  presence  of  some  silver.  Over.all,  the  cell 
appe.arcil  in  very  good  condition  considering  the  lest  history.  It  coni. lined 
no  short  circuits.  The  pressuri'  vessel  walls  showed  oxidative  attack. 
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TABLK  26 


\ 

.'  TEST  HISTORY 

OF  ROLLED  Ag/H^ 

CELLS . 

ACCELERvM’ED  AF  TEST  CYCLE 

Cycle  No. 

Data  Record 

No. 

'!  1 

008A 

Colls  17  to  19,  21,  23  to 

25,  28  to  32  started  cycling. 

•1  2 

008B 

Cells  28,  29  and  31  failed. 

i 

' 6 

008F 

Cell  21  failed  (>2.5  V). 

1, 

9 

i 

0092 

Cell  32  failed. 

21 

009E 

Cell  23  failed. 

' A7 

. 1 

00B7 

Coll  No.  18  failed  on  discharge 

f 

00B8 

Coll  No.  17  failed  on  discharge 

1 

65 

00C9 

Cell  No.  30  failed  on  discharge 

530 

Cell  No.  25  was  removed  from 
test  without  failure. 

I 
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% 


V'OLTS 


Pressure,  psig 


Quantitative  analysis  of  the  silver  side  pel  Ion  and  the  NASA  separator  i 

showed  O.hbg  Ag  in  each  component.  From  the  weight  of  the  individual  com- 
ponents after  disassembly  we  calculated  the  electrolyte  saturation  of  the 
silver  electrode  and  the  NASA  separator  to  he  about  1002  and  tlie  pel  Ion 
layer  on  tlie  H2  side  was  742  saturated  while  the  Ag  side  absorber  layer  was 
70%  saturated.  The  electrolyte  history  was  as  follows:  llie  cell  contained 
approximately  37  cc  after  the  2nd  reimpregnation.  Drained  amounts  are  1.0  cc 
after  formation,  0.2  cc  after  the  2nd  cycle,  1.8  cc  after  413  cycles  and 
2.0  cc  after  cycle  529.  This  would  result  in  32  cc  for  the  stack  after 

cycling.  From  weighed  components  we  account  for  24  cm^.  The  difference  is  , 

probably  due  to  electrolyte  wliich  was  visibly  clinging  to  gas  screens  and  j 

the  cell  wall  and  to  the  Inaccuracy  in  the  Initial  elei'trolyte  value  whlcli 

resulted  from  the  difference,  of  two  large  electrolyte  volumes.  ; 

4.3.3  Failure  Anal  vs  is  i 

^ I 

i 

All  failed  cells  were  subjected  to  a charge  retention  ti'st.  i 

f'  This  Involved  complete  discharge  followed  by  charging  to  ^82  of  its  capacity  ! 

and  open  circuit  stand.  Over  the  monitoring  period  ('^24  hrsl  no  change  in  1 

‘ open  circuit  voltage  (1.18V)  was  observed.  This  indicated  that  short  cir-  j 

cults,  e.g.,  by  silver  bridging  appeared  not  to  be  a problem.  | 

In  order  to  positively  identify  the  cause  of  the  problem  encountered  in 
; the  rolled  configuration  several  test  cells  were  liisassembl ed  and  inspected.  J 

Cell  2p  was  disassembled  in  the  discharged  state.  No  irregul.irit ies  such  as  j 

non-uniform  compression  or  spotty  utilization  of  the  silver  electrode  ccnild 

be  detected.  The  absorber  layers  were  relatively  dry  but  did  contaiit  some  j 

electrolvte.  The  cell  was  rebuilt  iit  the  same  conf  igurat  ion  with  ;i  new  j 

silver  electrode.  Similar  observations  wi’re  made  upon  disassemblv  of  Ct'll  22.  1 

Cell  20  was  charged  until  the  voltage  started  to  rise  .<nd  then  disassembled  | 

! in  the  ch.irged  state.  The  silver  side  reservoir  wa;;  found  to  be  aliiu'st  com-  1 

pletely  dry.  The  hydrogen  side  was  floodoil.  Fven  the  Teflon  backing  of  the  I 

hvdrogen  electrode  appeareil  wet.  8..?  cm^  of  electrolyte  w.as  dr.ilned  from 
the  pressure  vessel.  Using,  the  component  weight  after  cell  d is.issembly  and 
without  correction  for  the  obvious  silver  deposit  in  the  silver  side  absorber 
layer  one  calculates  the  following  electrolvte  s.ituration  (.issumeil  component 
thickness,  15  mil).  Ag  side  absorber  <3(i";.  1st  and  2nd  Ha  side  absorber 
layer  >b82  each. 

Figure  U1  shows  cell  pol.irizat  ion  (Cell  31)  prior  to  .ind  after 
j re  lmpregn.it  ion  Illustrating  also  the  high  internal  impedance. 

1 Cell  2(1  was  rebuilt  (2(iK).  After  impregnation  and  dr.iining  it  ret. lined 

35.9  cm^  of  electrolyte.  The  cell  failed  on  charge  by  exceeding  2.5V.  .At 
the  end  of  charge  (i.7  cm^  of  electrolyte  were  drained.  The  cell  was  d i sassemb  I oil 
.and  the  silver  side  ahsorln'r  layer  was  found  "drv". 

I 
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One  of  oiir  concerns  is  related  to  the  absorber  layer-membrane  inter- 
face. With  a relatively  dry  non  woven  nylon,  intimate  contact  which  is 
necessary  for  back  wicking  would  exist  only  where  nylon  fibers  fouch  the 
membrane  and  thus  exist  only  over  a small  surface  area.  We  therefore  rebuilt 
cell  26R  in  the  same  configuration  but  with  one  layer  of  10  mil  asbestos  on 
either  side  of  the  barrier  membrane  (Cell  26RA) . Charging  was  terminated 
after  reaching  2.5V.  Cycling  resulted  in  rapid  capacity  decrease.  Cell  2bR 
was  further  modified  by  replacing  the  nylon  on  the  Ag  side  with  two  10  mil 
asbestos  layers  (Cell  26R.\T) . Cycling  resulted  also  in  decreasing  capacity 
but  at  a much  slower  rate.  Charge  was  terminated  by  time  or  in  most  cases 
by  a set  voltage  limit  on  charge.  Figure  31  shows  two  typical  charge  and 
discharge  curves  of  the  two  cells.  Both  cells  were  electrolyte-limited  and 
excess  charge  input  results  in  a continuing  electrolyte  starvation.  At  the 
end  of  cycling  (40  cycles).  Cell  26R(\T  h:td  lost  40%  of  its  original  electro- 
lyte leaving,  especially  the  Ag  side,  quite  dry. 

4.3.4  Self-Discharge  of  Ag/IH  Cells 


The  self-discharge  characteristics  of  rolled  configuration 
Ag/H2  cells  were  determined  by  the  recording  of  cell  pressures  during  open 
circuit  stand  over  a period  of  600  hours  ('v25  days)  after  fully  charging 
the  cells  at  the  C/2  rate.  These  cells  failed  very  early  during  cycle 
testing.  Therefore  complications  due  to  silver  migration  are  not  present. 
All  cells  were  reimpregnated  with  40%  ROM  and  charged  until  tiie  capacity 
input  exceeded  the  theoretical  capacity  by  15%.  Cells  that  dried  out 
during  charge  were  re- impregnated  and  charging  was  continued.  Tlie  test 
took  place  23°C. 

A careful  evaluation  of  this  data  has  shown  that  the  rate  is  first 
order  in  hydrt>gen  pressure.  The  rate  of  hydrogen  consumption  can  be 
described  by 


dt 


n 


number  of  moles  of  11^, 


t 


time,  p,.  pressuri'. 


From  I he  general  gas  lac. 


y 

RT 


p 


V = cell  volume,  R = gas  constant,  T - temperature. 
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This  oqunt  iou  aosorihos  a 1 Inoar  rolatloiiahli'  hotwoou  tho  U'^arlthm  ot 
prossviro  ana  time.  Klpnros  U’  aiul  ill  show  tho  aata  of  coils  1*),  2A  aiul  I'l 
In  a aoml logar I thmlc  plot.  Tho  points  follow  closoly  a slralp\ht  lino.  Tho 
Intorcopt  of  tho  straight  lino  with  tho  orainato  (Pj,)  Is  tho  coll  prossnio 
If  no  oxygon  gas  woro  ontrappoil.  It  l.s  approxlnvUoly  lOT  holow  tin'  maxl- 
miiw  prossnro.  Tho  aisslpation  of  tho  oxygon  rosnlls  In  an  accol oraloil 
prossnro  arop  anring  tho  first  10  hours.  This  r.ipUl  prossnro  Oii'p  iloos  not 
corrospona  to  tho  chango  in  coll  capacity. 

Tho  sol  t -a  Ischargo  parauiotors  for  tho  atltoront  ci'lls  art'  snimiiai  1 r.oil 
In  Tahlo  27.  Within  oach  tost  gronii,  t hi'  rate  constants  arc  (|nlto  uni- 
form hut  tho  rate  const.ants  oht.alnotl  .at  tin'  high  I'l'i'ssnri'  art'  i'\t  avoragt' 

7SZ  larger  than  thoso  th't  onn  Inoil  Initially.  fTIn'  avoragt'  prt'sstirt'  Inv-ii'aso 
Is  . Tho  sm.all  variation  In  rato  constant  wlthlit  a git'np  appi'ars 

ospoclally  slgnlflcatu  slnct'  colls  24  ainl  24  havo  thick  (2''  mill  sllvt'r  t'loc- 
troaos  (coll  ciipacltv  a.l 'j  Ah)  while  tho  romahtlng  ct'lls  ci'ntaln  thin  till  mil) 
silver  eloctrotle  (coll  cap.acllv  'P  Ah).  It  snggosts  that  a i-apacltv  Inili'pi'mlont 
factor  snch  .is,  o.g.,  stiver  oxltlo  concont  rat  Ion  In  Iht'  I’l  t'c  t rit  1 vt  i'  I nl  1 ui'in-i's 
tho  sol  I -tl  Ischargo . lloi'mt'trlc  ol  ootrotli'  .aroa  Is  a t't'nmit'n  facit'r  lt>i  all  ti'sti'il 
colls,  llowovor.  It  slunilil  he  ot  (trlmarv  Imporlanct'  onlv  II  illltnsli'n  In  tho 
olectrolvte  In  tho  t'loctrotlo  woro  rato  ilot  orroln  Ing . A calt-nl.at  Ion  shows  that 
aiffuslon  Is  too  fast  hv  at  least  .an  orilor  I'l  m.agn  1 1 luii'.  I'nrtht'r,  thi'ii'  is 
no  aifforonco  In  tin'  r.ato  I'f  sol  f-tl  Isch.argo  hotwt'i'n  colls  with  (24)  ainl  wltlu'nt 
(14,  21,  24,  2'’,  2fl  aiivi  1!)  rost'cvt'lr  st  rnotnrt's  In  tin'  h.ack  of  Iht'  sllvt'i 
oloctroilo.  Tho  si'lf  illst'h.argo  ln'havii>r  of  Ag/ll_'  ct'lls  Is  appaiontlv  Hhtro  com- 
plex I h.an  that  of  Nl/H_i  ct'lls. 
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4.3.5  Discussion 

Testing  of  rolled  Ag/H2  cells  revealed  the  full  severity  of 
the  electrolyte  management  problem.  Some  cell  configurations  (e.g.,  thick  Ag 
plate  with  P2291  membranes)  showed  normal  behavior  during  tlie  initial  part  of 
charge.  After  passage  of  a certain  amount  of  charge  the  voltage  started  and 
continued  to  rise  beyond  2.5V.  Current  reversal  (discharge)  at  this  time 
results  in  severe  polarization. 

Analysis  of  the  data  as  shown,  for  example,  in  Table  28,  in  this 
context  reveals  certain  trends.  Maintaining  electrolyte  balance  In  thick 
electrode  cells  (high  current  density)  is  more  difficult  than  In  thin  plate 
cells.  Electrolyte  management  with  RAl  2291  appears  to  be  most  difficult. 

More  electrolyte  on  tlie  silver  side  helps  cell  perfornvince  (prevents  drying 
of  the  Ag  side;  compare,  e.g..  Cell  20  and  29  both  with  2 layers  of  1’2193 
but  with  low  and  high  electrolyte  level  respectively).  If  the  increased 
electrolyte  capacity  is  supplied  at  the  hydrogen  side  as  is  the  case  in  the 
thin  plate  Cells  28  or  31  no  such  improvement  follows.  The  NASA  separator 
shows  the  best  performance. 

The  potential  dip  on  cell  discharge  is  caused  by  lilgh  resistive  polariza- 
tion of  the  dry  Ag  side  absorber  layers.  Upon  continued  discharge  electrolyte 
migrates  towards  tlie  silver  side  and  the  voltage  recovers. 

It  is  quite  apparent  tliat  electrolyte  nvinagement  and  siiec  i f leal  ly  drying 
out  of  the  silver  side  absorber  layer  is  the  critical  failure  nmde.  Tills  is 
despite  the  fact  that  water  Is  proilucetl  .at  the  silver  eK'ctrode  on 
charge.  The  hydrogen  side  actually  expel  1 s electrolyte  during  charge.  It  was 
especially  surprising  to  find  such  dramatic  nwinl  fest.ai  ion  of  this  effect  .at 
the  low  rates  used  for  cell  fornution  ('i-C/bO). 

Tliese  findings  can  be  understood  after  close  examination  of  the  trans- 
port processes  taking  place  in  Ag/H2  cells,  specifically  those  occurring  in  the 
membrane  layers.  A simulation  run  of  our  electrolyte  m.anagement  computer 
program  with  parameters  from  our  membrane  transport  measurements  showed  that 
electromigration  transports  water  from  the  sliver  side  to  the  hydrogen  side 
and  this  transport  leads  to  drying  of  the  silver  side  and  fUnullng  of  the 
hydrogen  side  despiie  the  production  of  water  at  the  silver  electrode  and 
consumption  of  water  at  the  hydrogen  electrode.  Relatively  r.ipld  dll  fusion 
results  in  negligible  concentration  gradients.  Thus  only  electrolyte  Ilow 
from  the  hyurogen  side  to  the  silver  side  could  compensate  for  the  water 
transport  by  transference.  In  an  open  stack  the  hydrostatic  forces  can  only 
result  from  capillary  action  between  "dry"  components  on  oin-  siile  and  "wet" 
components  on  the  other  side  of  the  membrane.  We  conducted  measurements  which 
show  the  presence  of  this  effect,  however,  the  rates  of  electrolyte  flow  are, 
except  for  the  NASA  separator,  very  small. 
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This  electrolyte  management  problem  is  naturally  not  specific  to  rolled 
stacks.  The  reason  for  its  more  immediate  effect  is  the  vortical  arrangement 
which  allows  easy  draining  of  excess  electrolyte  from  the  hydrogen  side  of  the 
stack  into  the  pressure  vessel.  In  stacked  arrangements  the  electrolyte  has 
to  cascade  from  the  top  of  the  stack  down  resulting  in  rewettlng  of  lower  lying 
components.  The  flow  of  electrolyte  around  the  membrane  edges  Is  probably 
responsible  for,  in  some  cases,  very  rapid  Ag  bridging.  Tlie  relatively  large 
initial  decrease  in  capacity  of  the  stacked  cells  is  probably  also  a reflec- 
tion of  electrolyte  loss  from  parts  of  the  cell  stack. 

Solutions  to  this  problem  require  careful  quantitative  balancing  of  the 
Individual  transport  steps  in  the  barrier  membranes.  The  following  parameters 
can  be  used  for  trade-off:  (1)  type  of  membrane,  (2)  number  of  membrane 
layers  (electromigration  is  independent  of  number  of  layers  while  diffusion 
and  flow  are  affected  proportionally),  (3)  current  density  (electrode  thick- 
ness), (4)  reservoir  sizes  at  the  Ag  and  H2  electrode  sides  (number  of  absorber 
layers),  (5)  type  of  absorber  component  (pore  size  and  pore  size  differences 
on  both  sides  of  the  membrane  will  Influence  the  hydrostatic  driving  force  for 
flow) . 


5.  Laboratory  Ag/H2  Cells 


5.1  General  Remarks 


Tlte  boiler  plate  cell  tests  sliowed  tliat  tlie  Ag/H2  systems  is  con- 
siderably more  complex  than  had  initially  been  expected.  To  more  thoroughly 
characterize  the  system  and  to  be  able  to  design  practical  cells  a large 
number  of  carefully  controlled  experiments  are  needed.  Small  laboratory 
cells  are  much  more  suitable  for  this  task  than  full  size  boiler  plate  cells. 
Among  the  specific  problems  which  will  be  addressed  In  the  laboratory  cell 
experiments  are:  (1)  electrolyte  movement  during  charge  and  discharge,  (2) 
electrolyte  loss  from  the  cell  stack,  (3)  electrolyte  capacity  and  pore 
structure  of  the  absorber  layers,  (4)  cell  stack  configuration,  ('.ompononts 
and  stack  arrangements  which  have  proved  successful  in  laboratory  cells  will 
later  be  tested  in  full  size  boiler  plate  cells. 

5 . 2 Experimental 

For  closer  characterization  of  electrolyte  movement  and  to  determine 
viable  solutions  to  this  problem,  we  set  up  small  laboratory  cells.  An  arrange- 
ment schematically  shown  in  Fig,  34  is  set  up  In  a reaction  kettle  in  a hydrogen 
atmosphere  (1  atm).  Tlte  components  dimensions  were  as  follows:  Electrode 
size:  1.5  x 2 In.  « 19.35  cm2,  barrier  membranes:  1.75  x 2.25  in.  = 25,4  cm^. 
Ag  electrode  25  mil  thick  with  approximately  1.5  Ah  capacity.  The  component 
package  was  held  under  constant  compression  by  two  compression  springs.  Most 
experiments  were  carried  out  at  nominally  C/2  rate.  Charging  was  terminated 
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Figure  34.  Schematic  of  small  experimental  Ag/H2  cell. 


at  a preset  voltage  limit.  'rh-,'  majority  of  the  eells  wert-  also  eqiiippeil  with 
snu  1 1 ilj  ret'ereuee  e I ee  t rovies . It  shoulil  he  noted  tu-re,  that  the  alt^nnu’iil 
between  the  silver  and  the  hydronon  eleetrodes  and  the  loeat imi  ot  the 
reterenee  eleetrode  are  very  eritical  to  avoid  sevt-re  interferenee  in  the 
electrode  potential  measured  vs.  the  reference.  Mis.il  l^nment  can  i-anse  verv 
localised  IK  components  to  occur  dnrln^t  the  times  of  sipaiificant  potential 
chanjte  ot  the  Ag  electrode  (transition  from  one  plate. in  to  the  other  and  at 
the  end  of  charge  or  discharge). 

S . 1 Kesii  1 1 s 


in  I'able 
detail . 


The  results  obt.tini'd  with  sm.il  1 experimenl.il  cells  are  sumnui  r i .:ed 
In  the  following,  important  .ispects  .iti'  discussed  in  more 


Visu.il  observ.it  ii'n  contirnied  that  the  electrolvti-  is  expelK-d  during, 
ch.irging  at  the  hvdrogen  electrode  side.  Nvlon  reservoirs  .it  the  .Ai\  side 
lose  almost  .ill  electrolvte  causing  high  cell  po  lar  i c.at  ion  (t'onf  i.eur.it  ion  D. 
llie  Ag  elec-trodi'  reiiuiins  electrolyte  saturated.  Wltli  .isbesti's  l.iyers  .it  the 
Ag  electrode  siili,'.  I'leetrolyte  loss  occurs  more  uniformly  ! rom  tlie  .isbestos 
aitd  the  silver  electroiie  (I'onf  igurat  ion  11). 


i\'nf  igiirat  ion  111  lllustr.itcs  th.it  three  .i.sbestv's  Livers  do  .ippt'.ir 
to  provide  .1  sufficient  electrolyte  reservoir  to  prevent  hij’.h  ohmic  pi’l.iric.i- 
tion.  The  relative  eloi'trolyte  reduction  during  ch.irg.e  I'ccurs  .ilmi'st  ei|u.illy 
in  the  asbestos  .ind  the  silver  electrode.  Subsequent  d i sih.ii  I'.e  shows  two 
dif  t Icul  t ies:  (.i)  the  hvdrogen  side  looses  almost  all  e 1 1'c  t to  1 v 1 1'  and  tbl 
the  electrolvte  pumptwl  ti'  tlu'  silver  siiie  is  not  completelv  re.ibsorbed. 

t'onf  igiir.it  ion  It,  .iiid  VI  .ire  v.u'ious  cell  dt'sign.s  using  c' 1 ec  t im  1 n- t e 
reservoirs  outside  the  current  path.  I'lie  objective  w.is  to  .ichievi'  .1  high 
degree  of  electrolvte  s. itur.it  ion  in  the  m.iin  current  p.ith  hetwi'en  tlu-  two 
electrodes,  t’ont  igur.it  ions  V and  VI  contained  large  .imounts  of  I'leet  rolvt  e, 
the  iivijor  portion  of  which  w.is  lost  from  the  stack  during  cvcling.  I'he  dis- 
ch.irge  cap.icitv  is  limited  bv  "drying"  of  the  llj  sidi'.  'flu'  following,  observ.i- 
tlons  arc  consideri'd  signi  f Ic.int . The  Inefflciencv  of  the  silver  t'lectrode 
ch.irging  le.ids  to  approx  limit »’ I y 10  to  I S'l  (more  ch.irge  input)  despite  volt.ij'.e 
cutoff.  Klectrolvti'  is  expelled  from  the  silver  siih'  r.ither  th.in  wicked  b.ick 
Into  the  nylon  reservoirs.  A pel  Ion  window  to  provide  a direct  couin'Ction 
between  membrane  .iiui  reservoir  (t'onf  igurat  ion  VI)  reduces  but  does  not  .ippe.ir 
to  eliminate  this  dlfflcultv.  x\t  the  hvdrogen  side  too,  a pellon  reservoir 
will  not  ret  111  through  an  .isbestos  separator.  flie  objective  of  cells  in 
Configurations  Vll  to  .\  was  to  circumvent  the  difficultv  I’f  refilling  .i  Luge 
pore  reservoir  through  a fine  pore  matrix  by  the  use  of  .i  "window"  .irr.ingi'- 
ment  where  the  reservoir  directly  touches  the  iiu'nibr.me.  surroiind  i ng  the 
electroile  In  a fr.ime-llke  iminner.  This  was  p.irtiallv  success fu  1 , however. 
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the  difficulty  of  complete  electrolyte  transfer  from  the  argentistatic  mem- 
brane to  the  nonwoven  nylon  remained.  Therefore  Configuration  X used  only 
asbestos.  Cell  performance  was  limited  by  electrolyte  capacity  on  the 
hydrogen  side  but  the  fact  that  no  electrolyte  appeared  to  be  expelled  on 
^ the  silver  side  demonstrates  the  improved  reabsorption  of  asbestos. 

I 

I Consideration  of  energy  density  and  thermal  management  call  for 

minimizing  the  amount  of  electrolyte  and  the  separator  thickness.  We  therc- 
j fore  set  up  an  extreme  configuration  using  two  asbestos  layers  without  any 

I membrane  (Configuration  XI).  This  cell  was  cycled  over  100  times.  It  showed 

; a stable  high  capacity  and  did  not  suffer  from  electrolyte  management 

problems.  Eventually  this  cell  would  probably  fail  by  silver  bridging. 

This  had,  however,  not  occurred  when  cycling  was  discontinued.  Tlie  cell 
was  disassembled  and  analyzed.  Silver  had  accumulated  mainly  in  the  asbestos 
, ' layer  adjacent  to  the  liydrogen  electrode.  Quantitative  analysis  for  silver 

I showed  22  mg  and  O.A  mg  silver  in  the  separator  and  the  hydrogen  electrode 

I respectively. 

I 

Configuration  XVIII  was  similar  to  Configuration  XI.  It  contained 
; two  layers  of  Celgard  microporous  polyethylene  (membrane  thickness  1 mil, 

! pore  size  0.02  y,  open  area  'v38%) . No  specific  argentistatic  property 

i can  be  expected  from  such  a membrane.  The  cell  was  disassembled  after  21 

cycles  and  analyzed  for  silver.  The  distribution  was  as  follows;  H2  elec- 
' trode/2  asbestos,  1 mgAg/2  Celgard,  0.8  mgAg/l  asbestos,  1.4  mgAg/Ag  electrode/ 

1 asbestos  3.3  mgAg. 

Configuration  XII  through  XVI  are  tests  of  various  arrangements 
; employing  Fermion  40/60,  Fermion  2291  40/20  and  40/20E,  a "more  open"  lower 

resistance  Fermion  membrane  and  Visking  as  argentistatic  barriers.  All  show 
! similar  behavior  characterized  by  a large  capacity  loss  during  the  first 

'•  few  cycles  and  continued  capacity  decrease  at  slower  rate.  The  capacity  is 

limited  by  the  polarization  of  the  hydrogen  electrode  due  to  "drying"  of  the 
hydrogen  electrode  side.  Significant  electrode  polarization  appears  to  occur 
when  the  electrolyte  saturation  level  in  the  asbestos  falls  below  approxi 
; mately  60%.  Flooded  tests  on  silver  electrodes  confirmed  the  state  of  charge 

and  availability  of  capacity.  For  example.  Configuration  XIII  had  a capacity 
of  0.165  Ah  during  Cycle  93.  Subsequent  flooded  testing  showed  that  the  silver 
electrode  was  almost  completely  charged.  Flooded  discharge  capacities  were 
1.19  and  1.47  Ah  in  the  first  and  second  cycles  respectively. 

The  NASA  separator  appears  to  be  the  only  practical  barrier  layer  and 
the  following  configurations  concentrate  on  this  membrane. 

Configuration  XVII  employes  two  NASA  separators.  The  cell  loses  elec- 
trolyte especially  during  initial  cycles  but  it  showed  good  capacity  retention. 
Cell  polarization  is  noticeably  larger.  The  mid  discharge  potentials  ('^'C  to 
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c/2  mto)  for  llio  flr.st  .•iiul  hocoiuI  ploto.'iii.s  roNpoj-t  I vol y woro  1.2()  .'iiul  0.‘)'W 
lor  two  NASA  sop.ir.-itors,  1.  M ami  1 .OlV  for  two  I’ormlon  AO/21)  vor.siis  l.'l!) 
ami  1 .0()V  for  tlio  a.slu'slos  ar rannoi'U'ut  only.  C.onl  Ip.ufal  ii’a  XXII  la  a hkhH- 
f lod  version  without  a.slu'.stos  reservoir.  This  cell  polarized  suhstani  lal  I v 
on  both  charge  at\d  dischary.e  and  lost  cajiaclty.  Such  a conf  ly.nrat  Ion  may 
also  undergo  operating  difficulties  associated  with  the  Interface  between 
the  two  treated  surfaces  ol  the  separators.  (’onf  Igurat  Ion  XIX  uses  .i  single 
NASA  sep.'irator  aiul  .in  .asbestos  ri'servoir  In  b.ick  of  tiu'  Ag  electrode.  The 
tre.ated  sidi'  of  the  separ.ator  faces  the  Ag  electrode  (the  11;’  electrode  will 
not  operate  well  with  the  treated  sUle  of  tlu'  separator  In  direct  contact 
with  It).  This  cell  has  Improved  polarization  charac t er I s t 1 cs  comi'ared  to 
the  double  NASA  separator  system.  It  shows,  howi'ver,  alsi'  a slow  decline  In 
capacity  due  to  electrolyte  loss.  In  iTuif  Igur.at  Ion  XXI,  .a  single  NASA 
sep.arator  system  Is  given  Its  most  extreme  test.  In  this  case  the  only 
reservoir  In  the  system  la  tlu*  si'parator  llselt;  ni'  addlllon.al  asbestos  Is 
aided.  This  cell  .arrangement  .appe.ars  to  h.ave  pol  .ar  1 zal  Ion  ch.ar.act  er  1st  Ics 
Intermediate  betwi'i'u  the  double  separator  systems  and  the  single  systems  with 
additional  reserve  1 r (s) . The  amount  of  expelled  elect rolyt<'  and  at  the  same 
time  the  rel.atlvely  high  s.’itur.atlon  »'f  the  sep.ar;iti>r  suggests  entr.apment  ol 
exce.ss  electrolyte  In  the  freshly  Impregn.'ited  cells,  e.g..  In  the  V'ex.ar 
bt'hind  the  Ag  eli'ctrode. 

In  t'onf  Igur.'it  ion  XXI  II  .'in  .isbesios  reservoir  w.as  iil.iceil  lu'tween  the  Ag 
electrode  and  the  tre.'ited  shle  of  the  NASA  separ.itor  of  C.onl  igur.it  Ion  XXI. 

This  cell  h.'ul  good  luil.'ir  Izat  Ion  ch.'ir.'icter  ist  Ics.  It  showed  .'ilso  a slow 
decre.'ise  In  cap.'iclty.  Configuration  XXV  ti'sied  a reversed  reservoir  .arrang*'- 
nu'nt  . Doth  cell  polar  1 z.it  ion  .ind  capacity  reti’iitlon  h.ive  Impriwed.  In  Con- 
I Igur.'it  Ion  XXIV  the  .isbestos  reservoir  l.'i  placed  behind  the  Ag.  <*  I ec  t ro<l<’ , out 
ol  the  current  p.'ith.  This  conf  Igur.it  Ion  perfoniu'd  surprisirg  wi'l  1 . The  only 
p.'irtl.ally  compri'ssed  .isbestos  lu'hind  the  Ag  electrode,  dm*  to  tin*  Vexar  backing, 
.'ippe.'irs  to  .'let  .'IS  a larger  ri'servolr  structure. 

Coni  Igur.'it  Ion  XX  employi'S  .-i  microporous  iio  1 ypropy  I I'lie  separator  material 
(Celg.'ird  lAOl).  The  eflectlve  pore  size  of  this  m.'iteriai  m.'ikes  this  cool  Igura- 
llon  essentially  .'i  b.irr  ler  I I'ss  cell  with  commi'iisur.al  e pi'rform.ance. 

tioii I Igurat  ions  b.uied  on  ;!  single  NASA  separ.itor  h.ive  shown  tlu*  most 
promising  per  form.ince . There  .ippears  to  be  .'in  .icci'ptable  compromise  betwc'en 
considerations  of  electrolyte  m.uiagi’menl  .'iiul  silvi'f  ri'tenllon.  Silver  leten- 
llon  Is,  however,  not  .'is  good  as  oiu*  woultl  wiidi.  An.ilvsls  c.irrled  out  on  the 
components  of  Configuration  XXV  showcil  10  mg  Ag  In  the  sei'.ir.it  or  .'ind  0.‘)  mg  Ag, 

In  the  asbestos  layer  next  to  the  NASA  sep.ir.'itor . The  lol  lowing  coni  Igur.il  ion 
emphaslzi*  reservoir  size  .'in<l  or  U'lil  .it  Ion  ol  the  NASA  sep.ir.i  I or . Sever. 1 1 eon- 
I Igur.'it  Ions  .in*  dnpl  Ic.'it  e.*i  of  (*.'irll('r  conf  Igur.it  Ions  to  deline  the  obs«*rvi'd 
e Meets  more  closely. 
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l)l  thi'  IfVutal  liUUi  oiuploylnj'  oiu'  iiHl't’nl ot!  ;nul  oiu'  NASA  nuMiilM.iiu'  ;•« 

Mi’paralof  systi’iii,  (lie  lu'sl  ptMf  «i-iiuiiu-<>  was  .•u'li  I t'vrd  wlii*n  ( lu'  tiv<lr<>p.<'ii 
tiiulo  was  ail.lai't'nt  ti’  tiu'  asbi'stmi  aiilt’  ol  t lu'  NASA  iiiomliiaiu'  ip,u>  at  ions 

XXI  11  and  XXIII-.’).  (\inl' lp,u«'al  Ions  XXV,  XXV-2  aiul  XXVI  wlii'ro  t lio  a.sl<o^!tl>s 
was  In  illroot  is>ntaol  wllli  tho  tiydi'op.on  ol»'otnnlo  porlonnod  h'ss  wol  1 {im>ro 
rapid  oapaolty  doolltio  and  lowor  dlsoharm’  platoan  vo  1 1 apof^)  • Titn’lsli'n 
tor  snfl'lolont  olootrolyio  supply  to  t lio  sllvor  t>  I oo  t roilt>  slili>  via  a 
pollon  wick  (t'oll.s  XXVIM  A and  II)  had  little  olloct  on  the  ovciall  cycl«> 
l>ohav  lor , The  cycle  per  f iMiivinct'  of  I hi'se  cells  was  even  exceeded  hv  iT'n- 
flunratlons  XXI  and  XXl-2  based  solelv  on  th»>  use  I'l  oiu'  NASA  membrane 
despltt'  lalrly  "drv"  ov»>rall  I'peration.  Replaelnp,  of  the  a^d'eslos 
si'i’arator  ailjaci’nl  to  the  hydrop.en  eli'ctroile  by  an  I'.lt’  potassium  litanate 
separator  resnlteil  In  excellent  cvcii'  behavior  (llonl  Ipnral  Ion  XXX). 

t'onf  Ip.nrat  Ions  hast'd  on  twt'  NASA  membranes,  which  wi'iihl  he  di">lrahle 
to  obtain  a hip.ht'r  tiep.ree  iif  silver  retent  it'n,  dlil  not  I'erlorm  well  (set' 

(hinf  Ip.nrat  Ions  XXI I amt  XXVI  1).  The  rate  ol  hack  wicklnp,  thronp.h  a donhli' 
memhr.'im'  Is  api'ari'ntlv  Insnf  f ic  it'nl  for  ct'ntinni'il  stable  ct'l  1 c>peialU>i\. 
Whether  or  not  the  twi'  membrane  sliles  lace  each  other  appi'arsi  ti'  lu-  I'f 
little  conseipience  (ci>mpare  (h)nf  Ip.nral  Ions  XXII  and  XXVI  11  . 


A sm.'ill  laboraltiry  ci'l  1 nslnp,  tlu'  same  coni  I pnra  t Ion  as  the  Kntpest 
cycllnj;  boiler  plate  ct'll  perfoniu'd  well. 


OonI  ipnrat  U'n  XXX-2  ci't\ltri\U!  tho  attract  ivi'  v'peratU'ti  t'l  KT  based 
strnctnros.  This  cmif  I p.iiral  loi\  ((X'll  XXX)  was  .ilstt  I'vt'reha  rca'tl  lor  I'vt'i 
;in  hinir  without  111  el  feet.  Ttil  vi'fopy  I t'ne  ai\il  a Kendall  nvU'n  (l’ell^!  XXXI 
and  XXV  ri'SiH'ct  Ivt'l  v)  perfi'tmi'il  <inlt('  pt'orlv.  Tlu'  hvilri'p.t'n  eli't'trode 
polarl/es  stronplv  t'n  discharge  dnt'  ti'  tin'  electrolvte  .'itarved  t'perallon. 

Cell  cap.icllv  Is,  hi'wt'ver,  llmitetl  bv  the  sliver  el«'»'trode. 

It  appears  that  tin'  pi'i'e  strnctaire  ol  pi' 1 vpropv  1 t'ln'  and  nvlon  absorber 
l.iyi'rs  Is  loo  open  for  l>aek  wlcklnj’  to  oi'cnr  rapldlv  enoni'.h.  We  Iheielore 
thonp.ht  a sirncinre  with  mlxi'd  pore  s I /.e  distribnl  ion  eontalnlnc,  small  pores 
for  electrolvte  conlinnilv  and  larper  pores  lor  eleeirolvie  sioiat'a'  mav  be 
defilrable.  Since  sneh  comi'oni'nts  are  not  commi'ic  I a 1 1 v available  we  prepated 
various  composites  In  the  laboraiorv.  Absorber  layers  foimed  1 rom  a dis- 
persion ol  shredded  nvlon  and  .'isbestos  resnlled  In  relativelv  I nhoiiK'j'.eneons 
strnelnies.  I'he  .l.'.■''esI  osi  I Ibers  I ormed  a densi'  snilaee  lavei  even  when  ileposl 
lion  Is  .'It  tempted  I rom  vi'ry  dilnti'  snspenslons.  The  shot  let  potassinm  tilatiate 
llbt'is,  howevi'f,  can  be  ri'adlly  deposited  Into  the  telatlvelv  lari'.e  poles  ol 
tin'  non  woven  nvlon.  The  lollowlii)’,  composites  were  tested  In  small  labora- 
tory cells: 


Compos  1 1 e 

A: 

tX'mpos  1 1 e 

U: 

'>•'*  X 

Compos  1 1 e 

C: 

1 1? 

I'l'i'mion 
KT,  IS?. 
To  1 1 on  , 


l.V,2-l.  Asbestos,  S?  KT 

Tel  Ion,  S?  1'1'K,  I?  Asbetilos 
.’ 1?  Asbestos,  KT 


I 

t 

1 

f 


1 


r 


r 


Of  Lhe  cells  using  composites,  perfornvince  Improveil  with  Increasing  content  of 
potassium  titanate.  However,  they  illd  not  exceed  the  performance  of  cells 
with  tlie  KIO  KT  structures. 

In  an  effort  to  make  the  hydrogen  electriides  more  tolerant  to  opera- 
tion under  starved  conditions,  we  Increased  their  hydrophilic  character  by 
reducing  the  Teflon  content  to  20%.  To  retain  a very  hydrophobic  hacking  at 
all  times  we  attempted  to  use  the  fairly  dense  (k)retex  SIOIIS  Teflon  nu-mbrane. 
Such  electrodes  failed  (Cells  XXXVlll  and  Xl.ll)  apparently  by  Insufficient 
gas  access  through  the  hacking.  electrodes  with  20%  Tl'C  in  tlie  catalyst  mix 
and  the  usually  employed  backing  (Coretex  S1041‘))  performed  very  well  (see 
e.g..  Cell  Xl.Ill). 

An  analysis  of  hydrogen  electrode  potentials  measured  vs.  a reference 
electrode  (all  cells  from  Configuration  XXI  1 1 oti,  contaiiu’d  a separate  hydrogen 
reference  electrode)  showed  the  following:  In  early  cycles  tlie  measured  mid- 
charge and  mid-discharge  polarizations  of  the  hydrogen  electrode  were  about 
equal  and  had  values  of  approximately  100  to  1 10  mV  (at  IS  luA/i'm-  wltluni_t^  IK 
correction).  Hydrogen  electrode  polarizations  of  configuration  with  larger 
hydrogen  electrode  side  reservoirs  (e.g..  Cells  XXXlV,  XXXV,  XXXVl)'  and  also 
Configurations  XT,1  and  Xl.Ill  were  40  to  80  mV.  Ouring  cycling  polarization 
on  dlscliarge  Increased  more  rapidly  tlian  on  charge.  We  analyzed  also  the 
changes  In  hydrogen  electrode  potential  (not  iR  corrected)  during  the  charge 
and  discharge  half  cycles.  They  are,  in  a fii'st  approximation,  linear  witli 
time.  For  freshly  Impregnated  cells  and  cells  with  larga'f  electrolyte  i\  .■;i'r- 
voirs  at  the  hydrogen  electrode  side  the  measured  slopt-s  are  yery  small 
<20  mV.hr  (C/2  rate,  1^',  40  mA/cm'^) . In  configuration  witli  a more  restricted 
electrolyte  amount  and  in  cells  which  luive  lost  .t  s igii  i f leant  Iracili'ii  of 
their  electrolyte  during  cycling,  the  slopes  exce»'d  40  mV/hr.  In  tliis 
condition  the  cells  are  very  rate  sensitive  and  at  fixed  current  density 
cycling  performance  degr.ides  at  a progressively  acre  1 1'la i i ng  i.iti'.  This 
suggests  a fairly  critical  current  density  or  rate  for  any  given  coni igurat ii'u 
and  electrolyte  saturation  level.  At  higher  r.Ues  the  ci'll  pt'rformance  will 
rapidly  collapse  while  ch.inges  below  this  K'vel  will  have  little  effect  on 
perf ornuince . This  Is  illustrated  In  Figs.  V’  and  Figure  O'  shows  the 

relatively  small  change  in  capacity  aiul  cell  voltage  lu'twt'cn  C/4  and  C rate 
cycles.  (donf  Igura  t Ion  XXV  after  relmpregnat  Ion)  . Figure  shows  t he 
large  effect  of  changing  the  cycling  rate  on  cell  perlormance  of  a cell  for 
which  the  critical  current  density  Is  approximately  (1/2. 

Configuration  XI, VI  I is  a specl.al  Interest  cell  showing  (hat  electrolyte 
Stahl  I lz.at  Ion  via  a wick  will  in  fact  lead  to  constant  pi'rform.inc<‘.  Con- 
figurations Xl.VlIl  to  1,1  examine  Xircar  XYW-IS,  which  has  perft>rnu'd  wi'll  in 
Nl/IH  cells,  .as  a possible  absorber  layer  material.  Configuration  1.  cycled 
well  and  was  discontinued  .after  lOT  cycles  while  Conf  igiir.it  ii>n  1,1  heg.iin  1 1’ 
fall  after  1 cycles.  The  or  lent, at  ion  of  the  NASA  sep.ir.itor  w.as  the  only 
difference  between  the  two  coni  Igurat  Ions . The  problem!;  of  Conf  ig.urat  ion  l.l 
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Klgiirp  Cell  XXV  configuration  showing  little  rale  sensitivity. 

A “ C rate,  B « C/2  rate,  C = C/A  rate  (rates  are  noml- 
na  1 ) . 
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result  from  the  small  H2  side  electrolyte  reservoir  and  possibly  also  from 
the  membrane- Z1 rear  Interface.  Our  tentative  conclusion  is  that  Zircar 
acts  as  electrolyte  absorber  layer  without  distinct  performance  benefits 
or  disadvantages. 

In  summary,  we  have  shown  the  critical  importance  and  interdependence 
of  membrane  transport  parameters,  reservoir  size  and  absorber  layer  proper- 
ties, reservoir  distribution  between  hydrogen  and  silver  electrode  side  and 
charge  or  discliarge  rate.  Here,  the  critical  rate  is  determined  not  by  the 
rate  sensitivity  of  the  electrodes  (the  rate  sensitivity  of  the  "wet"  silver 
electrode  is  extremely  small  and  the  "wet"  hydrogen  electrode  is  only 
moderately  rate  sensitive),  but  by  various  mass  transport  processes  in  the 
argentlstatlc  membrane  in  conjunction  with  the  electrolyte  reserve  on  each 
side  of  the  membrane. 

Of  the  tested  argentlstatlc  membranes  only  the  NASA  separator  appears 
to  have  any  practical  potential  in  Ag/H2  cells. 

6.  Advanced  Boiler  Plate  Cells  of  Rolled  Configuration 
6.1  Test  Matrix  and  Cell  Construction 

Our  laboratory  cell  experiments  and  the  mathematical  simulation  using 
the  experimentally  determined  transport  parameters  for  the  various  membranes 
showed  that  the  NASA  separator  is  the  only  membrane  suitable  for  practical  Ag/H2 
cell  configurations.  We  established  further  that  the  number  of  membrane  layers, 
the  membrane  orientation,  the  type  of  reservoir,  the  electrolyte  level  and  the 
hydrophilic-hydrophobic  character  of  the  H2  electrode  are  Important  factors. 

To  maximize  energy  density,  one  likes  to  minimize  the  electrolyte  level  to  the 
extent  compatible  with  cell  performance.  The  thickness  of  the  separator- 
absorber  layer  package  should  remain  small  also  for  thermal  reasons.  Based  on 
our  experience  and  on  the  requirements  for  a practical  Ag/H2  battery,  we  have 
selected  the  cell  configurations  shown  in  the  test  matrix  of  Table  30.  A]] 

cells  use  25  mil  thick  silver  electrodes.  The  test  regime  consists  of  three- 
hour  cycles  to  705^  depth  of  discharge  (2  hrs  charge,  1 hr  discharge)  . Tlie 
charge  and  discharge  rates  are  C/2.7  and  C/1. A respectively.  The  recharge  ratio 
is  1.05. 

The  sixteen  boiler  plate  Ag/H2  cells  were  assembled  using  Identical  con- 
struction as  described  earlier  (Section  4.1). 

Cells  A-1,  2,  3 and  4 are  especially  instrumented  with  pressure  trans- 
ducers, reference  electrodes  and  thermocouples.  The  thermocouples  are  located 
in  the  center  of  the  gas  distribution  screens  next  to  the  H2  electrodes.  Excess 
void  space  was  filled  with  polyethylene  spacers. 


TABLE  TO 


VARIABLES  AND  TEST  MATRIX 


1.  Membrane  layers  M 

a.  No  membrane  mo 

b.  1 NASA  separator  m^^ 

c.  2 NASA  separators  m2 

2.  Membrane  orientation  (direction)  D 

a.  Membrane  film  to  H2  electrode  do 

(reservoir  on  H2  electrode  side) 

b.  Membrane  film  to  Ap  electrode  d^ 

(reservoirs  on  H2  and  Ag  electrode  sides) 

3.  Reservoir  type  R 

a.  Asbestos  ro 

b.  Potassium  titanate  rj 

4.  Electrolyte  level  E 

(reservoir  or  absorber  layer  tbickness) 

a.  0 layers  per  cell  13,  1 layer  for  cell  11  oq 

b.  1 layer  ej 

c.  2 layers  e2 

d.  3 layers  e3 

5.  Hydrogen  electrode  11 

a.  30%  TEE  Iiq 

b.  20%  TEE  hi 


1.  Reservoir  Type  - Electrolyte  Level  - Membrane  Orientation  - 
RED  Interaction 

a.  M “ mj , D “ d^^,  11  “ hp  b.  M * m^ , D - dp  11  = h^^ 


R 

1 

'"o 

•■i 

**0 

’1 

‘•1 

G) 

© 

‘'1 

© 

© 

K 

‘'2 

0 

© 

E 

‘'2 

0 

0 

(Cells  5 and  b have  reservoir  on  H2  side,  7 and  8 have  one  reser- 
voir on  either  side  of  the  membrane). 
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TABLE  30 
(CONTINUED) 


II.  Hydrogen  Electrode  - Electrolyte  Level,  HE  Interaction. 
M ■=  D = dg,  R = r^ 


1^0  ” ^1 


1 

0 

3 

III.  Membrane  - Electrolyte  Level,  ME  Interaction. 
D = d, , R = r„,  H = h„. 


i 


IV.  Special  Interest  Cells 
@ H^/a  KT/NA^A/Ag 

@ H2/KT/NA?A/Ag/Wlck 

@ H2/NA5A/KT-Wick/NA$A/Ag 
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6.2  Results 


6.2.1  Pretest  Cycling 

The  cells  were  vacuum  impregnated  with  40%  KOll  and  drained 
after  overnight  stand.  All  cells  received  100  psig.  H2  precharge  followed 
by  formation  at  0.5A  for  'v^O  hrs.  A typical  formation  cycle  is  shown  in 
Fig.  37.  The  cells  were  then  subjected  to  3 charge-discharge  cycles  to 
determine  their  capacity.  The  six  lowest  capacity  cells  were  reimpregnated 
after  the  second  cycle  to  assure  nuixlmum  electrolyte  saturation.  The  70% 
depth  of  discharge  (DOO)  for  the  cycle  testing  was  based  on  an  average 
capacity  of  15  Ah.  Tlie  collected  capacity,  pressure  and  electrolyte  data 
are  sunmarized  in  Tables  31,  32  and  33,  respectively. 

6.2.2  Cycle  Test 

Actual  charge  and  discharge  currents  are  based  on  an  average 
capacity  of  15  Ah.  Typical  voltage,  pressure  and  temperature  data  during  a 

test  cycle  are  shown  In  Figs.  38  and  39.  Table  34  sunmiarlzes  the  voltage 

data.  After  cycles  103  and  513  all  cells  were  discharged  to  0.5V  to  deter- 
mine their  capacity.  Cell  pressure  and  expelled  electrolyte  were  also 
measured.  The  results  are  summarized  in  Tables  35  and  36.  Table  17  lists 
the  history  of  the  four  cells  which  failed  during  the  test  cycling. 

We  have  analyzed  the  data  for  main  effects  and  interactions  based  on 

the  factorial  matrices  shown  in  Table  30  using  Yates'  method  of  evaluation. 
Two  different  responses  were  used  for  the  evaluatli>n:  1)  the  capacity 
retained  aftet  514  cycles  as  a percent  of  the  initial  capacity  and  2)  the 
energy  delivered  by  the  coll  after  514  cycles  (capacity  times  mid-discharge 
voltage).  The  results  are  shown  in  Tables  38  and  39  (values  for  failed  cells 
are  estimates).  The  lack  of  a good  est Invite  of  experimental  errors  renuires 
caution  in  the  data  analysis.  As  a rough  guide  we  may  assume  the  triple 
interaction  (ORE)  to  be  not  significant  and  thus  be  an  indication  of  random 
fluctuation. 

The  results  suggest  the  following  conclusions: 

1.  The  higher  levels  of  electrolyte  were  beneficial.  Cells  with 
no  absorber  layer  or  with  1 kT  (6,  11,  13)  failed.  Cells  with 
2 or  3 (3,  10,  14)  reservoir  layers  performed  better  tlian  those 
with  one  absorber  layer. 

2.  The  orientation  of  the  NASA  separator  has  a strong  influence. 
Orientation  of  the  membrane  film  towards  but  not  in  contact 
witli  tlie  electrode  is  beneficial.  This  orientation  effect 
appears  to  be  more  Important  at  higher  electrolyte  levels  and 
when  kT  is  used  as  absorber  layer. 
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[6  32  38.5  m 

Time,  hrs. 


Figure  37.  Cell  A-1  fornwtion  cycle  - charge  1.^  O.S  A, 
iltscharge  ^ 3.0  A. 
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CAPACITY  OF  A-SERIES  Ag/H_  CELLS 


*Relmpregnated. 


PRETEST  ELECTROLYTE  DATA  FOR  A-SERIES  Ag/H  CELLS 
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38.  Typical  voltage,  pressure  and  temperature  changes  during  a test 
cycle.  Cell  A-3,  Cycle  207,  A = cell  voltage  B = Ag  electrode 


vs.  H2  reference  electrode. 


VOLTS 


GE-DISCHAPGE  VOLTAGES  OF  Ag/H,  CELLS 


CAPACITIES  OF  ROLLED  Ag/H„  CELLS 


TARLK  37 


HISTORY  OK  FAILED  CELLS 


Cell  A-6  Failed  on  Cycle  19.  Cause  was  a short  circuit 

caused  by  a twisted  lead. 

Defect  was  removed,  cell  was  reconnected  to  the 
cycler  at  Cycle  116  and  failed  durlnn  Cycle  320 
by  reaching  the  low  capacity  limit  after  204 
cycles . 

Cell  A-13  Failed  during  Cycle  180.  Cell  was  re  Impregnated 

and  rejoined  testing  at  Cycle  233.  It  failed 
again  after  5 cycles. 

Cell  A-4  Failed  during  Cycle  206.  The  cell  was  re  Impreg- 

nated and  resumed  cycling  at  Cycle  233  without 
further  problem. 

Cell  A-11  Failed  during  Cycle  386. 
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TABLK  :»8 


TABLE  39 


On  a layer-by-layer  basis  kT  may  be  slightly  less  advantageous 
than  asbestos.  This  result  can  be  expected  on  the  basis  of  the 
beneficial  effect  of  additional  electrolyte.  The  kT  separator 
is  more  compact  and  absorbs  a smaller  volume  of  electrolyte. 
Cell  14  with  3 kT  layers  performed  very  well. 


The  presence  or  absence  of  the  NASA  separator  did  not 
make  any  significant  difference. 


appear  to 


5.  Varying  the  amount  of  Teflon  in  the  hydrogen  electrodes  between 
20  and  30%  has  no  effect  on  cell  performance. 

The  performance  of  the  two  wick  cells  (15  and  16)  was  very  much  In  line 
with  that  of  the  other  cells.  The  pressure  increased,  however,  considerably 
in  both  cells.  This  is  probably  due  to  silver  oxide  removal  by  migration  Into 
the  electrolyte  reservoir  which  will  enhance  the  oxidation  of  additional  silver. 
Considerable  corrosion  of  the  stainless  steel  pressure  vessel  can  be  expected 
in  the  area  of  the  electrolyte  pool. 

After  the  cycle  testing  we  have  further  performed  several  charge-discharge 
cycles  to  determine  the  sensitivity  of  the  various  cell  configuration  to  changes 
in  charge  and/or  discharge  rate.  The  data  is  summarized  in  Table  40.  The 
capacities  at  the  1.33  C rate  were  only  slightly  lower  than  at  the  0.66  C rate 
and  at  the  C/6  rate  they  were  not  much  higher.  Tills  insensitivity  to  rate 
changes  after  the  cycle  testing  is  in  contrast  to  the  results  obtained  with 
new  electrodes  where  the  capacity  is  a fairly  strong  function  of  rate.  There 
is  no  significant  correlation  between  the  rate  sensitivity  and  the  cell  con- 
figuration. Apparently  the  active  part  of  the  silver  electrode  is  conditioned 
during  the  repetitive  cycling  in  such  a way  that  the  material  utilization  cannot 
be  readily  Increased  in  a lower  rate  charge-discharge  cycle. 

In  summary  Ag/H2  cells  with  a single  layer  of  NASA  separator  and  a 10  to 
20  mil  absorber  layer  will  be  able  to  successfully  complete  in  excess  of  500 
charge-discharge  cycles  at  70%  depth.  A pret  rred  cell  would  have  a rolled 
stack  consisting  of  25  mil  thick  silver  electrodes,  a NASA  separator  with  the 
membrane  side  away  from  the  silver  electrode  and  a 20  mil  asbestos  absorber 
layer  between  the  separator  and  the  hydrogen  electrode.  (This  was  the  configura- 
tion of  cells  3 and  10). 

7.  Preliminary  Ag/H2  Safety  Analysis 

With  respect  to  safety  aspects  the  Ag/H2  cell  will  be  very  similar  to 
the  NI/H2  cell  which  is  analyzed  in  detail  under  Air  Force  sponsorship.  The 
cell  container  is  a pressure  vessel  containing  pressurized  hydrogen  gas.  M;i- 
terials  such  as  nickel  and  certain  Inconel  alloys  have  been  demonstrated  as 
safe  in  the  alkaline  and  hydrogen  environment.  Upon  forceful  puncture 
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CAPACITY  AND  VOLTACt  DATA  OF  ROLLED  Ag/H.  CELLS  TESTED  AT  VARIOUS  RATES 


hydrogen  gas  and  potassium  hydroxide  can  be  released.  The  silver  oxide  elec- 
trode will  reach  more  anodic  potentials  in  its  fully  charged  state  than  the 
nickel  oxide  electrode.  This  could,  if  not  adequately  considered,  lead  to 
anodic  attack  of  the  cell  case  or  other  Internal  support  hardware.  The  results 
may  Increase  cell  pressure  and  weakening  of  the  cell  case.  Proper  cell  design 
will  avoid  this  problem.  On  overcharge  oxygen  is  generated  at  the  silver 
electrode  which  will  react  and  thus  be  removed  at  the  hydrogen  electrode. 
Potentially  dangerous  H2/O2  mixtures  can  be  avoided  by  proper  cell  design. 
Extremely  high  rate  and  sustained  overcharge  could  lead  to  explosion  in  some 
cell  designs).  Oxygen  recombination  would  not  be  compromised  even  if  the 
hydrogen  electrode  were  "poisoned"  by  deposition  of  silver  since  silver  is  a 
good  oxygen  recombination  catalyst.  The  cell  voltage  is  low,  between  1 to  2V 
thus  causing  no  specific  hazard.  Depending  on  construction,  a short  circuit  may 
lead  to  passage  of  high  currents.  This  in  turn  would  heat  up  the  cell  and 

» potentially  render  it  inoperative.  No  specific  safety  problem  is  anticipated 

with  this  type  failure.  Cell  pressure  would  fall  rapidly  since  H2  consumption 
greatly  exceeds  thermal  gas  expansion.  Generation  of  potentially  dangerous 
H2/O2  mixtures  on  forced  overcharge  can  be  avoided  by  a cathode  (silver  elec- 
trode) limited  design  (use  of  an  adequate  hydrogen  precharge).  Cell  incineration 
could  lead  to  a pressure  rupture  by  thermal  expansion  of  the  compressed  gas. 
Resistance  to  mechanical  (vibration  and  shock)  stress  depends  on  cell  design. 

The  system  has  no  inherent  restrictions. 

In  summary  extensive  safety  testing  has  not  been  performed  but  based  on 
the  fairly  detailed  understanding  of  the  system  resulting  from  this  program 
and  from  our  knowledge  of  the  NI/H2  system,  we  considered  the  safety  and  the 
hazards  of  both  systems  equivalent.  Case  corrosion  needs  more  attention  in 
Ag/H2  cells. 

!_ 


III. 


SILVER-HYDROGEN  CELL  DESIGN  AND  OPTIMIZATION 


1 . Electrolyte  Management 

In  considering  electrolyte  management,  we  are  primarily  concerned 
with  insuring  that  there  is  sufficient  electrolyte  on  both  sides  of  the 
separator  membrane,  so  that  neither  overflow  nor  drying  out  of  the  reservoirs 
occurs.  Tills  problem  is  essentially  one-dimensional;  plate  area  and  geometry 
arc  not  involved.  In  order  to  develop  an  understanding  of  the  relative  impor- 
tance of  various  separator  membrane  properties,  a computer  program  was  written 
to  simulate  the  processes  that  occur  when  current  is  passed  through  a reservoir- 
membrane-reservoir  package.  This  program  proved  quite  useful  in  selecting 
membranes  and  reservoirs  for  practical  applications. 

1.1  Electrolyte  Management  Computer  Program 

The  computer  program  simulates  the  effects  of  (1)  KOH  and  H2O  diffu- 
sion; (2)  transport  of  IT*",  0H“,  and  H2O  through  the  membrane  due  to  current 
flow;  (3)  changes  in  the  porosity  of  the  Ag  electrode  due  to  chemical  reaction; 
and  (4)  flow  of  electrolyte  through  the  membrane  due  to  wicking.  Any  number 
of  charge-discharge  cycles  can  be  simulated.  The  program  calculates  the  KOH 
concentration  on  both  sides  of  the  separator  membrane,  and  the  fill  factors  of 
the  two  reservoirs.  In  developing  the  program,  it  was  not  initially  clear 
whether  the  Ag  electrode  would  have  the  same  behavior  with  respect  to  flooding 
and  drying  out  as  the  Ag-side  reservoir.  For  this  reason,  a parameter  (IFILL) 
was  provided  to  allow  either  of  two  assumptions  to  be  used  in  the  calculations: 
(a)  the  electrode  and  reservoir  behave  identically  (IFILL  = 0) ; or  (b)  the 
electrode  is  always  full  of  electrolyte,  in  which  case  the  fill  factor  applies 
to  the  reservoir  alone  (IFILL  = 1) . Later  experimental  observations  showed 
that  the  Ag-electrode  is  wet  even  when  the  reservoir  is  dry,  so  the  parameter 
IFILL  should  be  set  equal  to  unit. 

The  input  structure  for  the  electrolyte  management  program  is  summarized 
in  Table  41.  and  a complete  program  listing  is  given  in  Appendix  D.  To  simplify 
the  input,  default  options  have  been  provided  for  most  of  the  input  parameters, 
and  these  are  also  given  in  the  Table.  Whenever  an  input  parameter  is  equal 
to  zero  — as  when  a blank  card  is  substituted  for  the  data  card  — the  appro- 
priate default  value  is  substituted.  Only  the  first  input  record  must  be 
non-zero,  since  NTYPE  = 0 causes  program  exit. 

1.2  Simulation  of  Electrolyte  Transport 

Sixteen  runs  using  the  standard  default  for  records  2-5  liave  been 
carried  out.  A sample  of  the  output  is  given  in  Appendix  D.  These  runs 
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Include  all  four  types  of  separator  material.  The  wicklng  rate  constant  has 
been  asstuied  equal  to  zero  or  to  0.0002  cc  per  minute  and  IKlI.l.  = 0 or  1. 
Results  may  be  summarized  as  follows: 

1.  With  IFlld.  “ 1 and  WIKRAT  - 0,  the  Ag-slde  reservoir  dries 
out  on  the  first  charge  cycle  for  all  membranes  except  219.) 

INTYPK  = 3) . 

2.  With  IFIl.l.  - 1 and  WIKRAT  - 0.0002,  tlte  Ag-slde  reservoir  does 
not  dry  out.  In  order  of  decreasing  fill  factor  after  the 
first  charge  cycle,  the  results  are  Fermion  2103  (N'n’FE  = 3'*, 
Visklng  (NTTPE  - 2),  Fermion  2201  (NT3'PE  = 4),  and  NASA 
Separator  (NTYPE  “ 1). 

3.  With  IFlld,  “ 0 and  WIKR.-\T  “ 0.0002,  the  Ag-slde  reservoir 
does  not  dry  out,  and  the  order  of  separators  with  respect 
to  fill  factor  after  one  charge  cycle  is  as  above. 

•1.  With  IFIl.l.  « 0 and  WIKRAT  = 0,  the  Ag-slde  reservoir  dries  out 
on  the  third  charge  cycle  for  all  membranes  except  2103. 

These  results  Indicate  the  Importance  of  wicklng,  and  it  seems  clear  that  for 
a flow  rate  constant  around  0.0002  cc  per  minute,  reservoir  dryness  should  not 
occur,  hater  measurements  showed  that  the  wicklng  rate  constant  is  in  fact 
smaller  for  all  membranes  with  tlte  exception  of  the  N.‘\SA  separator. 

In  order  to  understand  why  the  simulated  performance  of  Permii'n  2103 
superior  to  that  of  the  other  membranes,  eight  additional  runs  were  carried 
out  in  which  the  diffusion  and  transport  ntutibers  for  this  membrane  were  syste- 
matically varied.  Results  are  as  follows: 

1.  Membrane  performance  Improves  as  tpj]-  Increases  lti;+  decreasesl 
Performance  degrades  as  tn,,^|  increases.  Thus,  snuill  tii.,ji  and 

t + are  desirable. 

K 

2.  Increasing  or  decreasing  both  and  I'll  ,{>  by  the  same  lactor 

has  little  effect  on  performance.  Thus,  Increasing  or  ilecreasing 
the  number  of  b.irrler  mt'mbranes  shoulil  have  little  etfect. 

3.  Increasing  Ukoh  relative  to  Pn.,(i  improves  perform,ince.  Incu-asing 
It  relative  to  P.,  degrades'perfornvince . 

ii^l*  KOii 

These  results  are  readily  understood  in  qualitative  terms:  On  charge,  reim'val 
of  KOIl  and  U^O  from  the  Ag-side  are  proport  t('n.i  I to  t|.;+  (I-t^.,^|-')  and  tn,O-0.S 
respectively.  Thus,  high  values  of  t|^+  and  tn^o  favor  electrolvte  transport 


and  drying  of  the  Ag  reservoir.  The  relative  values  of  the  two  diffusion  con- 
stants is  important  because,  as  the  concentration  of  KOH  increases  on  the  H2 
side,  KOH  flows  from  tlie  H2  side  to  the  Ag  side  while  IHO  flows  from  the  Ag 
side  to  the  H7  side.  The  relative  rates  of  flow  determine  the  net  transfer  of 
solution,  and  if  DH2O  is  much  larger  than  — as  is  often  the  case  — the 

result  is  net  flow  of  solution  from  the  Ag-side  to  the  Ib  side. 

It  is  experimentally  difficult  to  determine  the  relative  values  of  Ogoji 
and  Dh20»  ^nd  Indeed  it  is  usually  assumed  that  they  are  equal,  which  is  the 
case  in  free  solution  where  no  net  change  in  volume  is  possible.  However,  our 
experiments  indicate  that  on  average  D112O  Is  several  times  larger  than  r>)-0u, 
which  is  detrimental  to  membrane  performance.  In  the  case  of  Fermion  2193, 
however,  the  diffusion  constants  are  so  small  that  the  observed  volume  change 
is  zero  within  the  measurement  error.  Thus,  the  apparent  near  equality  of 
I^KOH  ^nd  DH2O  2193  is  probably  an  experimental  artifact.  This  would 
explain  why  simulation  runs  for  this  membrane  are  not  in  accord  with  experi- 
mental cycling  results.  For  membranes  with  larger  diffusion  constants  (e.g., 
Visklng),  simulation  results  should  be  more  accurate. 

One  of  the  most  interesting  results  of  the  simulation  runs  is  that  the 
hydrogen  side  tends  to  fill  up,  rather  than  dry  out,  during  charge.  This  is 
because  (a)  transport  of  K"*"  and  H2O  to  the  hydrogen  side  compensates  for  con- 
sumption of  water  at  the  hydrogen  electrode  and  (b)  diffusion  of  additional 
water  into  the  hydrogen  side  tends  to  dilute  the  excess  KOH.  Simultaneously, 
the  silver  side  tends  to  dry  out.  On  discharge,  the  flow  of  electrolyte 
reverses,  but  the  effect  is  not  complete  due  to  the  excess  of  charge  current 
over  discharge  current.  This  means  that  in  the  absence  of  wicklng  the  hydrogen 
side  reservoir  eventually  overflows  or  the  silver  side  reservoir  eventually 
dries  out. 

It  is  also  noteworthy  that  the  Ag-side  and  H2-side  KOH  concentrations 
are  in  all  cases  fairly  close:  diffusion  Is  adequate  to  prevent  a steep  con- 
centration gradient.  Thus,  the  most  important  membrane  parameter  is  its 
wicklng  rate  constant . Inadequate  wicking,  as  noted  above,  will  lead  to  over- 
flow of  the  Ht  reservoir,  or  drying  out  of  the  Hg  reservoir. 

In  sumnuiry,  for  adequate  electrolyte  management  an  argentistatic  membrane 
for  use  in  Ag/H2  cells  should  have  a sult.able  combination  of  the  following 
properties:  (1)  a low  transport  number  for  IT*",  (2)  a low  transport  number  for 

H2O,  (3)  a ratio  of  HHjO/PkOH  close  to  1,  and  (4)  a high  back  wicklng  rate. 

The  four  membranes  investigated  here  are  fairly  similar  in  all  properties  except 
for  the  rate  of  back  wicking.  Tlic  high  rate  of  back  wicklng  of  the  NASA  separator 
makes  it  the  only  practically  usable  argentistatic  membrane  of  Ag/H2  cells. 


TABLE  41 


INPUT  STRUCTURE  KOR  THE  ELECTROLYTE  MANAGEMENT  PROGRAM 


1.  NTYPE,  NSEPM,  IPILL,  TDEGC,  WIKRAT 
020  25.0  0.0 

(315,  2P10) 


NTYPE 


Specifies  membrane  type  (see  Comment  Statements) 


NSEPM  — Number  of  barrier  membranes 


TDEGC 

WIKRAT 


— See  above 

Run  temperature  in  degrees  Celcius 

2 

— Wicking  rate  constant,  in  cc  per  minute  per  cm"  of  membrane, 


2.  CAPNAM,  CAPFTER,  DOD,  CHGTIM,  DCGTIM,  RRATIO 
30.  1.1  0.8  120.  60.  1.15 

(6F10) 

CAPNAM  — Nitmeplate  capacity,  amp-hours 
CAPFTER  — CAPFTR  x CAPNAM  = actual  capacity,  amp-hours 
DOD  — Depth  of  discharge,  based  on  nameplate  capacity 
CHGTIM  — Charge  time,  minutes 


CHGTIM  — 
DCGTIM  — 
PRAT 10  — 


Discharge  time,  minutes 

Ratio  of  charge  amp-hours  to  discharge  amp-hours 


PSBETK,  PPLTHK,  PPLDEN,  PASADN,  UTLMIN , UTLRTO 
0.001  0.0635  4.273  4.173  0.5  1.1 

(6F10) 

PSBETK  — Ag  substrate  effective  thickness 
PPLTHK  — Total  Ag  electrode  thickness 
PPLDEN  — Mean  electrode  density 
PASADN  — Sinter  density 

UTLMIN  — Minimum  utilization  of  sinter  Ag 
UTLRTO  — UTLRTO  x UTLMIN  = actual  utilization 
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TAIU.K  -'ll 
(CONTI  NIIKD) 


KINl.I’K,  RKSI’OR,  R112TK1,  RACTKl,  SKl’TKl  , KI.CNDC 


0.(i‘> 

(hKlO) 

0. 

8 O.OhlAA  O.OA‘)72  0.02 5 A O.A 

RlNl.KK 

— 

Initial  rosorvolr  fill  factors 

RKSI’OR 

— 

Rcscrvi'lr  poroslfii'S 

R112TKI 

— 

ll2  reservoir  thickness 

RACTKl 

— 

An  reservoir  thickness 

SKl’TKl 

— 

Separator  thickness  (not  vised) 

K.LCNMC 

— 

KOll  concentration 

NSTKl’S 

2^ 

(2IS. 

, NCYCl.K,  TOM,  TW,  MK , MW 

1 

AKIO) 

NSTKl’S 

— 

Niiiiilver  of  lilt  e^r.'il  Ion  ;)mi  output 
discliarpa'  lialf  cycle. 

steps  In  eacli  cliar>;e 

NCYCl.K 

— 

Niinilier  iif  full  cliarm'-il  1 scharp,e  c 

vc  1 es 

TOM 

— 

llyiiri'xlvle  transport  nnmiu'r 

TW 

— 

II,, 0 transport  luimlu'r 

MK 

— 

KOIl  diffusion  constant  for  NSK.I’M 

layers,  in  cc/scc. 

MW 

— 

11, ,0  ill  f fusion  constant  for  NSK.l’N 

layi'fs,  in  cc/sec. 

that  (npiil  valiii-s  i' I TOM,  TW,  OK,  ami  MW  ari’  (p,m'ri-d  unU'ss  NTYl’K  ■ S 
NTYl’K.  “ 1 lhrtmp,h  A,  valiu's  appri'pr  i at  i’  to  t In'  t I'lupcial  iii  t-  ami  Kt'll  I'oii 
i-ont  rat  Ion  aro  mnioratml  hv  t h«'  prop.ram. 


1 '-1 


2.  KnorKv  IVnsttv  aiul  Thoniial  MiinagemoiU 

A compiitor  program  to  aid  In  tho  doslgu  of  Ag/lb  colls  of  rolled  stack 
configuration  has  boon  developed.  This  program  optimizes  the  weight  energy 
density  of  a cell  hy  variation  of  the  pressure  vessel  length,  radius,  and 
thickness.  A particular  feature  of  the  program  Is  that  volumetric  energy 
density  can  be  specified  by  the  operator;  the  program  calculates  the  reipilred 
112  pressure.  The  program  also  calculates  the  optimum  II2  plate  (Nl)  thickness 
and  the  optimal  lead  sizes.  in  addition,  the  program  simulates  the  thermal 
performance  of  the  cell  through  any  nvimber  of  com(ilete  i-harge-il  Ischarge 
cycles,  and  prints  the  nuixlmnm  and  minimum  temperature  at  eacli  time  step.  The 
thermal  perforiivince  simulation,  wlilch  requires  a sidistiint  la  1 anKnint  of  com- 
puter time,  can  be  disabled  at  run  time.  Other  features  include  autom.'itlc 
varlatlon  of  the  number  of  Ag/IH  electrode  pairs,  aiul  automatic  oper.itor- 
sclected  variation  of  any  one  of  t)7  different  Input  parameters.  In  addition, 
all  output  may  be  disabled  by  an  Input  switch,  so  that  user-written  I'K'tting 
routines  can  bo  added  without  deleting  the  output  stati'inents. 

A listing  of  the  program,  a program  flowslu-et,  a set  of  guiilelines  for 
operators,  a sample  output  listing,  and  a set  of  di'sign  diagrams  are  glvi'n 
In  Appendix  B.  In  the  following  section,  some  of  the  t lii'ory  of  the  mi>re 
unusual  program  design  elements  Is  discussed.  Applications  of  the  pn'gram 
are  then  dlscusseil  In  .Sections  2.2  and  2.1. 


2 . 1 ^odi'J_  IVve  1 opiiient 

2.1.1  ‘1*  I'lect  roile  la-ads 

We  consider  a set  of  ja  electrode  leails,  each  ot  length  t'  .tiul 
resistance  R.  I’he  m.iterlal  priqu-rties  of  the  leads  are  the  resistivity  co 
(In  ohm-cm) , the  density  p,  .md  the  thermal  conduct ivl tv  K (In  wat t -cm” ^ .deg~ ' 1 . 
The  current  through  each  lead  will  be  designateii  by  Then,  for  i-ach  li-ad,  we 
nuiy  write  the  weight  W,  cmss-sect  lonal  area  A,  and  energy  dlssip.ition  1'  as 


A 


W 


1-. 


(,.’01 

K 

A<p 

i.-n 

I"  K/C 

l-’.M 

where  I/C  Is  the  dlschargi-  time  in  liours. 


We  also  designate  the  energy  stored  In  the  battery  bv  SV , wlu-ii-  S Is 
the  capacity  In  amp-hours  and  V the  voltagi-.  The  net  energy  N that  can  be 
obtained  from  the  batterv  Is 


1 


N " SV  - u 


1 


‘ R/c  n 

Tho  current  _1  ilci’ciuis  on  tiu'  rate  of  iHscharRc.  At  tlu'  one-liovir  rate, 
nl  " S;  at  an  arbitrary  rate  C (hours"'),  ni  " SC.  Thus,  the  net  enerj'.y 
may  he  written  .as 

N - SV  - S"CR/n  t.'O 

In  order  to  optimize  the  enerp.y  density,  we  also  require  an  expression  for 

the  total  weight  of  the  h.attery,  T.  Approximately,  T is  piaipor t iona  1 to 
the  coll  eaiiacilv,  to  which  we  add  the  weight  of  the  leads.  Thus 

T » aS  + nW  (2S) 

where  a is  a proport  iv^nal  Ity  factv'r.  Wo  cat\  rtow  solve  the  lead  resistance 
K such  that 


>UN/T)  _ 
dR 


A Ittle  manipulation  yields  the  quadratic  equation 


R"  + 


■“Ts  '' 


2 2 
n Vu't  p 
* a 
aS^C 


Cl 


CJP) 


(27) 


In  the  cases  we  have  coitsldered,  the  linear  term  is  negllgihle,  so  that 


K 5 


nv' 

S 


t-’S) 


It  is  then  easily  shown  th.at  the  heat  dissipation  is 

K - St 

.a 


t,")) 


atui  the  total  weight  I'l  the  le.ads  Is 


nW  ” .S  t 


t Ul'i 


Roth  K aiul  nW  .are  Independent  of  t h«'  total  number  I'f  le;uls. 

It  is  \tseftil  1 1’  eouiiiiler  a spec  i lie  ex.ample.  V'or  a .’0  Ah  cell  desigiu' 
to  dlscli.arge  at  the  2 C r.ate  at  l.I  volts,  tlu'  net  energy  is 

N - 22  - HOt)  K/tt 


IS) 


Let  us  assume  that  the  leads  are  5 cm  lonK>  and  are  made  of  Aj> 

(o)  « 1.6  X lO-f*  ohm-cm;  p » 10.5)  or  Ni  (to  “ 9.5  x 10“^  ohm-cm;  p = 8.9). 
We  also  assume  that  the  battery  weight  (exclusive  of  leads)  is  220  grams, 
i.e.,  a - 11  grams/AH.  Then 


• 

K c , / 

— = 5.14 
n 

X 10 

ohms 

(NO 

= 2.29 

V 10" 

ohms 

(Ag) 

1 

^ ; 

FC  = .82 

watt  s 

(Ni) 

= . 17 

wat  t s 

(Ag) 

’1 

uW  » 4.11 

grams 

(Ni) 

Ttie  energy  densltv  Is  rediu'ed  1 vt'm 
a reduction  of  about  5%. 


1 .81  grams  (Ag) 

■r)/220  = 


.100  to  21  .41/221.^1*'. 


,0048. 


It  is  of  interest  to  consider  tlie  reduction  in  energy  density  due  to 
off-design  conditions.  Suppose  the  resistance  of  tlie  Ni  lettds  is  deliberately 
decreased  by  a factor  of  two  to  reduce  the  heat  dissipttt ion.  Then  it  is 
easily  shown  tliat  the  lead  weight  doubles  and  tlte  l^R  loss  is  halved.  The 
energy  density  is  now  21.61/230.05  » .0939,  a further  reduction  of  about  11. 
Thus,  because  the  lead  resistance  was  Initially  optimized  to  satisfy  Eq.27, 
relatively  large  changa'.s  (n  R away  from  the  optimum  value  <lo  not  strongly 
effect  the  energy  density. 


Heating  of  the  Leads 


Let  us  assume  that  tlie  terminals  arc  thermally  insulated,  and  that  the 
only  dissipation  of  heat  takes  place  at  the  electrode  to  which  the  lead  is 
attached.  Tlte  terminal  end  of  the  lead  will  then  have  the  highest  temperature 
For  a lead  length  of  5 cm,  the  rate  of  heat  generatlt'u  in  the  section  of  wire 
between  some  arbitrary  point  i'  and  the  terminal  end  5,  is 


Fleet  rode  Fnd 


■> 

« 


(<-?') 


i in 
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Terminal  Kud 


The  rate  of  heat  flow  across  the  plane  at  t'  Is 


AK 


lie' 


H2) 


whore  A Is  the  cross-soot  tonal  area  of  tlio  wire.  Thus, 


lU’ ' “ AK  ' ^ e ^ 


Intojiratlug  over  f',  wo  obtain 


T - r 


+ii>i  (f.  _ii:\ 

o AK  \ 2e  / 


(VI) 


(14) 


For  e'  " e,  the  tomporaturo  illfforonco  botwi'on  the  terminal  anil  the  e 1 oc  t roilo 
Is 


AT 


> 

l^RC 
2AK  ‘ 


Usln)^  the  termlnologv  iiovolo|u'il  earlier, 


AT 


I > ■) 

1 

2n"Kui 


(.1:1) 


( lb) 


It  slioulii  be  notoii  fti.it  AT  ilepends  on  f lii'  sijii.ire  ol  I lie  1 e.-ul  reslstaiiio  anil 
is  formallv  1 uilepemlent  of  lead  lengtli.  in  an  optinilzeil  load,  R depoiuls  on  1! . 

The  examples  considered  earlier  provide  some  esttmates  of  AT.  For  S • 20, 
C “ 2 , 0)  “ 1 . b x 10"^  ohm-cm,  and  K “ 4,18  wat  ts  • c.m~^  •ileg“'  (Ag)  , AT  ■» 

For  10  « 8.5  X 10-b  ohm-cm  and  K - 0.58  wattS'cm"^  deg"^  (Nl),  AT  " '\7.7°C.  If 
the  resistance  of  the  Nl  leads  is  doubled,  at  a penalty  of  1%  in  the  energy 
density,  the  temperature  rise  In  the  leads  is  reduced  to  8.4‘’C.  Thus,  in  a 
properly  optimized  system,  it  does  not  appear  that  the  leads  become  particularly 
warm,  and  the  Ag  leads  are  especially  unlikely  to  heat  up. 

2.1.2  Optimal  Resistance  of  the  II2  Klectrode 


The  Nl  grid,  which  supplies  the  mechanlc.al  and  electrical  support 
for  the  H2  electrode,  may  be  optimized  In  much  tlie  s.-ime  way  as  tlio  leads.  Con- 
sider a set  on  n electrodes,  each  of  length  2/.o*  width  25’^;  and  thickness  2X^5. 

We  will  assume  Initially  that  each  electrode  Is  tabbed  along  its  entire  width 
2Yo:  this  assumption  is  later  .analyzed  in  detail.  We  will  also  assume  that 
the  current  flow  out  of  the  electrode  Is  uniform,  l.e.,  that  electrochemical 
reactions  occur  at  a constant  current  density.  Wltli  these  assumptions,  it  is 
easily  shown  that 
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±1. 

dZ 


constant 


and  that 


1 = 


f (1  + 


Along  the  tab  (Z  = Zo),  i = io*  the  current  entering  the  electrode, 
far  end  of  the  electrode  (Z  = -Z^■,),  1 = 0. 

The  resistance  of  any  electrode  section  dZ  Is  given  by 


(17) 

(IH) 

At  the 


dR  = 


(odZ 

4X  Y 
o o 


(1‘') 


where  lo  = 9.5  10”^  ohwcm.  Thus,  the  energy  loss  In  tlie  electrodes  per 

unit  time  is 

Z 7. 


nKC 


•C  =/  nr 


, 2 o 
n 1 w 


dR  = 


TTfT-  / <-  - 


ro) 


-z,. 


o o 


-Z 


ni  (j  Z 
o o 

6X  Y 
o o 


In  addition,  the  total  weight  of  the  electrodes  Is 


nW  = 8 n X Y Z p 
o o o 


(/.I) 


To  optimize  the  energy  density,  we  follow  tlie  same  procedure  as  used  for  the 
leads,  and  write 


N 


SV 


10  Zj, 

“TiorT'' 

o o 


(42) 


The  total  weight  of  the  battery  Is  ag.iin  written  In  the  form 

T ” aS  + 8nX  Y Z p 
o o o 


Differentiation  of  N/T  with  respect  to  electrodi'  thli-kness  (2X,,)  results  In 
the  quadradlc  equation 


SC  (0  Z 
o 

‘ 3nVY 


S C a M__ 

48irY  ‘■V  p 
o 


(1 


(44) 
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The  voltage  drop  across  the  electrode  is  also  Important  to  proper  electrode 
performance.  Integrating  iR  over  the  electrode  surface,  we  obtain 


AV 


i u Z 
o o 


4X  Y 
o o 


sc  m Z 
o 

4nX  Y 


o o 


(45) 


Some  specific  examples  will  Illustrate  the  magnitude  involved.  We  again 
consider  a system  of  20  AH  capacity,  discharged  at  the  2C  rate  at  1.1  volts. 
Two  sub-cases  will  be  developed;  (I)  a single  electrode  of  length  2Xq  = 40  cm 
and  width  2Yo  = 40  cm;  and  (II)  a set  of  10  electrodes  each  with  2Zo  = 10  cm 
and  2Yo  “ 16  cm.  In  both  cases  the  total  electrode  area  is  1600  cm2,  so  that 
the  current  density  is  25  mA/cm2.  The  results  are  shown  in  Table  42.  The 
columns  labelled  with  an  asterisk  show  the  effect  of  using  double  the  optimum 
electrode  thickness. 


Several  provisional  conclusions  may  be  drawn  from  tills  table: 

1.  The  optimum  value  of  the  electrode  thickness  is  very  small,  e.g., 
0.13  mils  in  Case  II  and  0.57  mils  in  Case  I.  The  lower  value 
may  be  too  small  for  manufacturability.  (It  should  be  noted  that 
for  Exmet  electrodes  these  values  are  effective  thicknesses,  i.e., 
weight  per  unit  area  divided  by  density,  not  the  thickness  of  the 
original  sheet) . 

2.  The  voltage  drops  may  be  excessive,  at  least  in  Case  I and  I*.  It 
may  be  necessary  to  specify  a maximum  voltage  drop  as  well  as  a 
minimum  electrode  thickness. 

3.  The  penalty  in  the  energy  density  for  using  an  electrode  of  double 
the  optimum  thickness  is  not  large,  e.g.,  4%  for  Case  I and  1%  for 
Case  II. 

4.  The  penalty  in  the  energy  density  due.  to  using  a small  number  of 
plates  may  be  substantial. 

2.1.3  Effect  of  Electrode  Tabs 

When  an  electrode  is  tabbed  along  only  a small  portion  of  its 
length,  there  is  an  extra  penalty  in  the  energy  density  due  to  the  large  i2r 
losses  in  the  area  immediately  surrounding  the  tab.  It  is  somewhat  difficult 
to  account  for  these  losses  exactly,  but  a good  estimate  of  their  magnitude 
can  be  obtained  by  considering  the  optimization  of  the  energy  density  in  a 
semicircular  electrode  of  radius  r,n3j5  and  tab  radius  The  current  flowing 

through  such  an  electrode  at  any  intermediate  radius  r is 
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TABLE  42 


OPTIMUM  THICKNESS  FOR  RECTANCULAR  ELECTRODES 
FULLY  TABBED  ALONC  ONE  EDCE 


Case  I 

Case  I* 

Case  II 

Case  11* 

Electrode 

Thickness, 

2Xo 

1.454  X 10"^ 

2.908  X lo"^ 

3.407  X lo"'^ 

6.814  X lo"'^ 

cm 

4V 

0.131 

0.065 

0.035 

0.017 

VO  1 1 s 

Energy  Loss 
per  Unit  Time, 
nEC 

3.48 

1.74 

0.93 

0.46 

watts 

Electrode 
Weight,  nW 

20.70 

41.41 

4.85 

9.70 

grams 

Energy 

Density 

0.0842 

0.0808 

0.0958 

0.0948 

wat  t -hours/ 
grams 

1 145 

V 

S ' 

(2  2 
r -r 
max 

r2  _^2 

max  tab 


and  the  resistance  through  a semi-circular  shell  is 

o 

where  2X^,  Is  the  electrode  thickness.  The  energy  loss  per  unit  time  is 


2 2 

S^C  

V 2 \2 

2iTnX  (r  -r  ,) 
o I max  tab/ 


[4  /'^max^  2 / 2 _ 2 \ 

max  \ ^ tab^ 


4 _ 4 

^ max  ^ tab  I 
4 


2 2 

For  r >>  r , , this  becomes 

max  tab 


F.C  = - 3/4 


The  weight  of  the  electrode  plus  tab  Is 

2TTr^  X p (50) 

max  o 

For  given  values  of  r^-gj,  and  the  weight  is  proportional  to  Xq  and  the 

net  energy  is  inversely  proportional  to  X©.  Thus,  optimization  with  respect 
to  thickness  may  be  carried  out  as  before.  Table  43  gives  the  calculated 
results  for  the  same  two  cases  discussed  previously,  l.e.,  S = 20,  C = 2, 

V ' 1.1,  with  n = 1 and  n = 10  respectively.  The  plate  area  has  been  main- 
tained at  1600  cm2. 

The  table  Indicates  that  a substantial  penalty  in  the  energy  density 
will  occur  if  undersized  tabs  are  used,  particularly  if  the  number  of  plates 
is  small.  However,  it  is  difficult  to  manufacture  large  tabs,  and  it  may  be 
necessary  to  design  plates  with  relatively  small  tabs.  The  question  that 
therefore  must  be  answered  is  what  plate  thickness  to  use  when  a rectangular 
plate  is  tabbed  over  only  a small  portion  of  one  edge,  as  in  the  figure  below. 
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table  A3 


OPTIMUM  THICKNESS  FOR  SEMI-CIRCUI.AR  ELECTRODES 


r 

max 

'^tab 


Case  1 : n ~ 1 


2 

5 

10 

20 

^tab 

13.03 

A. 61 

2.27 

1.13 

cm 

2X  6. 

o 

698  X lO"^ 

1.373  X lo"^ 

1.822  X lo"^ 

2.221  X 10~^ 

cm 

AV 

0.162 

0.1A5 

0.152 

0.161 

volts 

nEC 

2.28 

3.AA 

A. 23 

A. 92 

watts 

nW 

12.72 

20.37 

26.21 

31.71 

gr.ams 

Energy  Density 

0.0896 

0.08AA 

0 . 0808 

0.0776 

watt -hours/ 
gram 

Energy  Density 
for  double-thick- 
ness electrode 

0.0873 

0.0811 

0.0769 

0.0733 

watt-hours/ 

gram 

Case  II:  n ~ 10 


2 

5 

10 

20 

r , 
t fib 

A. 12 

1.A6 

0.72 

0.36 

cm 

2X  2 

o 

1 

o 

X 

o 

o 

A. 097  X 10"^ 

5.3565  X 10"^ 

6.AA1  X 10~^ 

cm 

AV 

0.050 

0.0A6 

0.050 

0.05A 

volts 

nEC 

0.75 

1.15 

l.AA 

1.70 

watts 

nW 

3.87 

6.08 

7.70 

9.19 

grams 

Energy  Density 

0.0966 

0.09A8 

0.0935 

0.0923 

watt-hours/ 

gram 

Energy  Density 
for  double-thick- 
ness electrode 

0.0958 

0.0935 

0.0919 

0.0905 

wat  t -hours/ 
gram 
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To  obtiiln  ;iii  ostlmato  of  tho  onorgy  loss  in  tlio  tab,  wo  may  uso  F.q.  in 

the  form 


Since  this  is  the  loss  in  a somi-o i ronl ar  olootrodo  of  radius  , it  pro- 
vides an  upper  bound  to  the  tab  losses  for  the  situation  illnstratod  above. 
Sirailarlv,  the  losses  in  the  remainder  of  the  electrode  can  be  estimated  from 
Eq.  (A2)  as 


nnX  Y 
o o 


The  total  losses  cannot  exceed  the  snm  of  these  twv  terms,  so  an  estimate 
of  the  optimum  value  of  e.in  be  obt.iined  by  optimizing  the  enerpy  density 
for  a net  enerpv  given  by 


N = SV  - 


In 


(<:.)  ■ i 


Kor  C.ase  I IS  “ dO . C = 2 , V = 1 . 1 , 7.,-,  = Y^,  = 20,  n ■ 11,  the  energy  loss 

term  given  by  Fq.  (Sdl  is  I.2b7  y lO-l/'X^,.  With  Yt.il,  “ 2 cm,  the  energy  loss 

term  given  by  Eq . ill)  is  2,7lb  > lO'VXo-  opt  imnm  value  ol  2X„  is 

2.21b  ■<  10“'  cm,  about  10*  greater  than  the  optimum  v.ilne  tor  .i  fnllv  t.ibbed 

rectangular  electrode.  The  energy  loss  per  unit  time  Is  tu'  gre.iter  t h.in  7.l'> 
watts,  .about  double  the  previous  value.  Etnallv,  the  energy  density  is  .it 
least  .0712,  roughly  .1  lOT.  reduction  from  the  value  given  previonslv.  For 
Case  II  (S  ” 20,  C - 2,  V - l.l,  ” 1,  Y,-,  ” 8),  the  pen.iltv  is  less  sevi'n-: 
with  Y[_,j,  “ 1 cm,  2\i  increases  to  7.041  ' lO”-*  cm,  about  double  the  previous 
value,  wli  1 1 e the  energy  loss  term  becomes  1 .8-'i  w.atts,  ag.iln  double  the  previous 
value.  However,  the  energy  density  is  now  at  least  O.Oqib  wat t -hours  per  gram, 
a 42  reduction. 


We  may  conclude  by  noting  that  the  design  of  a system  wltli  a small 
number  of  large  electrodes  poses  the  potential  of  serious  penalties  In  energy 
density.  Such  systems  would  require  carefully  designed  tabs,  probably  along 
the  full  width  of  the  electrode.  Furthermore,  such  systems  are  likely  to 
have  problems  with  O2  buildup  unless  the  electrodes  are  segmented.  Since, 
however,  one  or  two  larger  electrodes  close  to  the  vessel  wall  appear  to  pro- 
vide better  heat  dissipation  than  multiple  rolls  of  smaller  electrodes,  a 
trade-off  between  thermal  management  and  energy  density  Is  probably  necessary. 

It  should  also  be  noted  that  we  have  not  attempted  to  optimize  the 
resistance  of  the  Ag  grid.  Since  Ag  is  .a  far  better  conductor  than  Ni,  and 
since  extra  conductivity  is  provided  by  the  Ag  sinter,  the  Ag  grid  should  be 
as  thin  as  manufacturing  techniques  will  permit. 

2. 2 Use  of  the  Computer  Model 

2.2.1  Critical  Design  Par.ameters 

As  noted  in  Appendix  A , tlie  computer  model  has  been  struc- 
tured so  that  only  the  first  input  record  need  he  non-blank.  Use  of  blank 
cards  for  the  other  fourteen  input  records  causes  the  program  to  substitute 
default  values  for  each  of  the  67  design  parameters.  Tlu'  default  values  are 
given  in  the  program  in  COMMON  block  EICl,  and  are  described  within  tlie  pro- 
gram in  the  COMMENT  statements. 

These  parameters  are  not  all  of  equal  interest  or  importance.  There- 
fore, in  the  following  paragraphs,  we  discuss  only  the  most  Important  param- 
eter choices,  those  that  represent  relatively  critical  assvimptlons  In  tl\e  cell 
design. 


IICONI  - 0.128 

UC0N2  - -.286 


The  fraction  of  the  Ag  electrode  utilized  on  discharge  is  given  by  tl\e  equation 


UTLMTN  - UCONl  + UC0N2  x log^^  i-OCCRON)  (54) 

where  -PCCRDN  is  tlie  discharge  current  density,  in  more  recent  studies  we 
have  found  that  it  is  more  accurate  to  set  UCONl  » 0.205;  this  choice  reflects 
a larger  Ag  utilization.  It  should  be  noted  that  UCONl  and  UC0N2  are  not, 
strictly  speaking,  "design"  parameters,  but  are  properties  of  the  electrode 
material.  For  this  reason  they  are  not  included  In  the  list  of  67  input  param- 
eters . 


niNRTQ  - 

1.5 

Ratio 

of 

ALDRTQ  - 

1.0 

Rat  lo 

of 

HLORTQ  - 

2.0 

R.at  lo 

of 

Ni  plate  thickness  to  calcvilated  optimum 
Ag-lead  thickness  to  calcul.ited  optimum 
Nl-iead  thickness  to  calculated  optimum. 
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2 

We  have  found  that  the  heating  due  to  i'R  losses  in  the  leads  and  the 
electrodes  are  relatively  snuill  compared  to  the  electrochemical  effects. 
Therefore,  in  optimizing  tlie  lead  and  plate  dimensions,  the  ratios  of  the 
lead  and  electrode  tliicknesses  to  their  optimal  values  have  been  chosen  close 
to  unit. 

VOLDEQ  = 0.07  Volumetric  energy  density 

3 

The  design  volumetric  energy  density  is  0.07  WH/cm  (70  WH/liter) . We  have 
found  that  the  weight  energy  density  is  a maximum  for  roughly  this  value. 

PPLIHQ  = 0.0635  Positive  plate  thickness 

The  positive  plate  thickness  is  0.0635  cm  (25  rails).  We  have  checked  the 
sensitivity  of  the  weight  energy  density  to  this  parameter,  and  found  that 
this  thickness  is  near  optimum  at  the  C/4  rate  (vide  infra) . 


SAFETQ  = 
RH2RTQ  = 

2 

0.3 

Pressure  vessel  safety  factor 
Ratio  of  112  reservoir  thickness 

to  positive 

plate 

RAGRTQ  = 

0.3 

thickness 

Ratio  of  Ag  reservoir  thickness 

to  positive 

plate 

SEPTHO  = 

0.025 

thickness 

Barrier  membrane  thickness. 

The  barrier  membrane  thickness  is  0.025  cm  (10  mils).  The  H2  and  Ag  reservoir 
thicknesses,  defined  at  statement  9,  are  both  equal  to  0.014  cm  (5.5  mils). 
Thus,  the  total  reservoir  package  is  21  mils.  More  recent  experimental  work 
has  shown  that  a better  design  is  described  by  the  parameters  RH2RTQ  = 0.6, 
RAGRTQ  = 0.1,  and  SEPTHQ  = 0.0432,  for  a total  reservoir  package  of  29  mils. 

TMPIDQ  = 10  Percent  of  time  in  Step  1 discharge. 

The  discharge  process  occurs  in  three  steps,  with  the  last  two  steps  occurring 
at  the  same  voltage.  In  Step  1,  which  takes  lOZ  of  the  total  discharge  time 
(6  minutes),  the  voltage  is  1.43  and  the  electroneutral  voltage  is  1.50  (see 
statements  immediately  proceeding  statement  8 in  SOBROUTINE  THRMAE) . The 
electrochemical  reaction  l.s 

Ago  + 4 H2O  + e”  4 Ag^O  + oh". 

In  Step  2,  which  takes  the  next  40%  of  the  total  discliarge  time,  the  voltage 
drops  to  1.15,  but  the  electroneutral  voltage  remains  at  1.50  volts  and  tlie 
electrochemical  reaction  is  presumed  unchanged.  In  Step  3,  which  takes  the 
remaining  50%  of  the  total  discharge  time,  the  voltage  remains  at  1.15,  but 
the  electrochemical  voltage  drops  to  1.32,  and  the  corresponding  electrochemi- 
cal reaction  is 

i Ag^O  + j H^O  + e"  ► Ag  + oh" . 
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It  should  be  noted  that  the  difference  between  the  cell  voltage  and  the 
electroneutral  voltage  is  largest  in  Step  2,  and  hence  the  temperature  rise  in 
the  battery  during  discharge  Is  greatest  in  this  step.  However,  an  even  greater 
temperature  rise  can  occur  on  overcharge,  since  the  entire  input  energy  is  con- 
verted to  heat. 


DCVTig 

DCVT2Q 

CGVTK) 

CGVT2Q 


1.43  Discharge  voltage.  Step  1 
1.15  Discharge  voltage.  Step  2 
1.25  Charge  voltage.  Step  1 
1.54  Charge  voltage.  Step  2 


These  are  the  voltages  for  the  various  electrochemical  steps  noted  above.  In 
more  recent  work  we  have  Inserted  three  statements  after  9 RACTKI....  as 
follows: 


DCVLTl  = 1.4686  + 4.05405  x DCCRDN 

DCVaT2  = 1.22189  + 3.24324  x DCCRDN 

V = Da'LTl  TMPIDQ/IOO.  + DCVLT2  x (100  .-TftPlDQ) /lOO . 

These  statements  more  accurately  reflect  the  variation  of  discharge  voltage  with 
current  density. 


2.2.2  Interpretation  of  Program  Output 

In  the  enclosed  sample  output  (Appendix  D) , results  are 
presented  in  several  stages.  First,  a reference  table  of  all  67  main  param- 
eters is  printed  in  the  order  given  by  COMMON  block  EICl  or  EIC2.  Next,  a 
reference  list  of  operator-input  parameters  is  given;  the  program  always  lists 
parameters  44  (UTEMIN,  Ag  utilization),  although  this  parameter  is  calculated 
by  the  program,  and  not  necessarily  operator  input.  The  plate  parameters  follow 
next.  Then,  for  each  assumption  about  the  number  of  H^-Ag  electrode  pairs,  the 
program  prints  various  information  about  the  optimum  cell  design  and  the  cal- 
culated weight  energy  density.  Three  comments  arc  particularly  worth  noting: 


a)  The  arrangement  of  the  electrodes  varies  from  case  to  ease, 
but  the  program  always  places  an  112  electrode  on  the  Inside 
of  the  roll.  An  Ag  electrode  is  closest  to  the  pressure 
vessel  wall  for  an  odd  number  of  electrode  pairs,  but  an  IH 
electrode  is  closest  to  the  wall  for  an  even  number  of  pairs 
(This  design  is  not  necessarily  optimal,  and  ran  be  changed 
by  the  user). 

b)  The  weights  and  energy  densities  are  calculated  both  for  the 
given  values  of  THNRTQ,  ALDRTQ,  and  HLDRTQ  and  for  unit 
values  of  these  parameters.  Thus,  the  effect  on  energy  den- 
sity of  overdesigning  the  leads  and  the  112  electrode  can  be 
seen. 
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c)  The  weight  is  divided  up  in  several  ways:  PV  WEIGHT  — the 
pressure  vessel  weight,  excluding  terminals,  fill  tube  and 
weld  band;  electrolyte  weight;  electrode  roll  (excluding 
electrolyte  but  including  the  support  mandrel);  and  WTNVOL 
weight,  which  includes  electrolyte,  electrode  roll,  pressure 
vessel  fill  tube,  weld  band,  and  all  support  structures.  The 
weight  of  the  roll  excludes  the  weight  of  the  112  (Ni)  plate, 
which  is  calculated  separately.  The  sum  of  the  weights  of  the 
leads,  the  H2  plate,  and  the  terminals  is  equal  to  the 
difference  between  the  total  weight  and  the  sum  of  PV  WEIGHT 
and  WNTVOI,  WEIGHT.  The  last  two  unlabelled  outputs  after  the 
volumetric  energy  density  are  the  weights  of  the  H2  plate  and 
the  leads  respectively.  (The  three  prior  unlnbelled  outputs 
are  the  energy  dissipation,  in  WH,  of  the  H2  plate,  the  H2 
leads,  and  the  Ag  leads  respectively). 

The  next  print-out  shows  the  thermal  properties  assumed  for  each  of  the 
terminals  in  the  electrode  roll.  The  material  codes,  and  tlie  values  of  the 
properties  can  be  found  in  SUBROUTINE  PROPTY. 

For  purposes  of  tliemial  simulation,  the  electrode  roll  is  divided  up 
into  a number  of  sections.  In  general,  we  have  found  that  one  section  per 
Ag/H2  electrode  pair  is  sufficient  for  accurate  thei'mal  simulation  except 
during  overcharge.  Use  of  more  than  one  section  per  pair  requires  a large 
number  of  time  steps  in  the  simulation,  and  hence  excessive  use  of  computer 
time . 

A profile  of  the  maximum  (first  line)  and  minimum  (third  line)  temi'era- 
ture  in  tiie  cell  at  equally  spaced  time  Intervals  (approximately  one  minute) 
is  given  n:xt.  Each  set  of  integers  identifies  tlie  cell  in  which  the  maximum 
or  minimum  occurred.  Finally,  the  maximum  and  minimum  temperature  for  tlie 
entire  run  is  given. 

At  tiie  end  of  tlie  run,  tlie  parameters  for  tlie  "best"  design  are  given. 

In  the  present  example,  only  the  batcerles  with  1 and  2 pairs  of  electrodes 
satisfy  the  criterion  that  the  maximuin  temperature  rise  is  below  10"C  even  on 
overcharge.  The  cell  with  2 pairs  of  electrodes  has  the  better  energy  density, 
so  the  parameters  for  this  cell  are  printed. 

Some  of  the  results  for  the  sample  run  are  graphed  in  Figs.  40-42. 

Figure  40  shows  the  effect  on  the  energy  density  of  Increasing  the  number  of 
electrode  pairs.  The  improvement  beyond  3 or  4 layers  is  quite  small.  Figure 
41  shows  the  calculated  maximum  temperature  profile  for  the  cell  with  3 pairs 
of  electrodes.  The  maximum  temperature  on  discharge  is  29.0°C,  4‘’C  above  the 
case  temperature.  On  overcharge,  however,  the  temperature  rises  to  over  Ib^G 
(G/2  rate),  altliougli  other  simulations  that  we  have  carried  out  with  a finer 
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NUMBER  OF  Ag-Hg  ELECTRODE  PAIRS 


rif’.iirr  ■’*().  Kftoi't  i'n  I'nor^v  ilcnsitv  I'l  lui  ro.i'i  ( mj,  t Iu-  luiml'oi  ol  c I i-o  t t lUli- 
pa  t rs . 


MAXIMUM  TEMPERATURE  INCREASE  ON  DISCHARGE, 


grid  indicate  that  this  result  may  be  an  overestimate.  Figure  42  shows  the 
maximum  temperature  on  discharge  as  a function  of  tlie  number  of  electrode 
pairs;  because  of  tl»e  design  variation  referred  to  above,  cells  with  ari  odd 
number  of  electrode  pairs  have  better  thermal  performance  than  those  with 
an  even  number  of  pairs. 

It  should  be  noted  that  the  results  plotted  are  for  a C/rate  dlscliarge, 
and  are  calculated  with  UCONl  = 0.128  (see  Section  2.21).  bse  of  the  more 
correct  value,  UCONl  = 0.205,  and  discharge  at  a lower  rate,  would  result  in 
a higher  predicted  energy  density. 

2 . 3 Optimized  Cell  Design 

Wo  liave  used  tlie  computer  model  of  tlie  rolled  Ag/Uj  colls  to  inves- 
tigate the  seitsitlvlty  of  an  optimized  design  towards  variation  of  important 
parameters . 

The  degree  of  silver  electrode  utilization  has  the  strongest  effect  on 
energy  density.  This  is  Illustrated  in  Fig.  43.  Energy  density  was  calculated 
for  two  different  discharge  rates  (C/15  and  C/2)  and  for  3 or  4 electrode 
layers.  The  calculations  are  based  on  the  NASA  separator  layer  (e.g.,  Asbestosl . 

The  utilization  of  any  particular  silver  electrode  depends  on  the 
current  density.  For  the  Yardney  silver  electrodes  used  in  this  program, 
we  found  that  the  utilization  (U)  could  be  described  as  a function  of  the 
current  density  (1). 

U = 0.205  - 0.28b  log  i 

The  effect  is  a relatively  strong  dependence  of  cell  energy  density  on  dis- 
charge rate.  This  is  shown  in  Fig.  44.  For  the  relatively  high  dlscliarge  rate 
of  C/1.25  specified  in  the  accelerated  AF  cycle  regime,  an  energy  density  of 
35  Wh/lb  would  be  expected.  For  lower  rate  applications,  however,  the  energy 
density  would  increase  dramatically.  For  example,  at  a C/8  rate  50  Wh/lb  was 
calculated.  These  calculations  are  again  based  on  the  NASA  separator  and  an 
additional  absorber  layer  of  15  mil  thickness.  Figure  45  shows  the  same 
relationship  of  energy  density  vs.  rate  in  a different  plot.  This  figure  con- 
tains, however,  also  the  maximum  temperature  difference  for  3 and  4 electrode 
layers  respectively.  It  shows  that  at  the  C rate  only.  Conf i gurat ions  up  ti' 

3 layers  are  thermally  acceptable.  At  lower  rates  than  C/2  one  could  use  a 4 
electrode  layer  configuration  and  thus  gain  a small  energy  density  advantage. 

Figure  46  shows  the  connection  between  weight  and  volume  energy  density. 
The  weight  energy  density  goes  through  a shallow  nuixlmiim  at  approxinvi t el v 
0.13  Wli/cm3.  Practical  considerations,  especially  those  connected  with  coll 
shape  and  represented  by  the  t/r  ratio,  restrict  the  useful  range  apprcix imat el v 


Energy  Density 


Kiguro  4 K Knorgy  density  of  a rolled  50  Ah  Ag/H2  cell  as  a fuiutlon  of  Ag  olee- 
trode  utilization.  Discharge  rate  C./15,  0 = 1 lavers,  A 4 layers; 

X >•  discharge  rate  (1/2,  3 layers. 
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Energy  Density,  W^h/lb 


Figure  tA.  F.nergy  density  of  a rolled  30  Ah  Ag/lh  eell  as  a funelioii  ol  dis 
charge  rate.  • 3 electrode  layers,  A A electrode  l.ivers. 


Energy  Density 


to  between  0.06  and  0.10  Wh/cm3.  For  the  calculations  showri  In  the  previous 
figures  a volumetric  energy  density  of  0.07  Wh/cm3  w.ns  specified.  Variation 
of  mandrel  and/or  absorber  layer  thickness  does  also  Influence  the  cell 
energy  density  but  only  to  a moderate  degree  as  Fig.  47  shows. 

Finally  there  Is  the  question  of  silver  electrode  thickness.  Figure 
48  shows  that  the  optimum  electrode  thickness  depends  on  the  discharge  rate 
for  which  the  cell  Is  optimized.  At  the  C/4  rate  3 layers  of  23  mil  thick 
electrodes  represent  an  optimum  condition.  For  high  rate  applications 
(■vC  rate)  5 layers  with  15  mil  electrodes  would  be  more  advantageous  with 
respect  to  energy  density.  However,  the  thermal  simulation  shows  that  the 
maximum  temperature  differences  are  7,  9 and  9.3°C  for  3,  4 and  5 layers 
respectively.  Thus  It  would  appear  preferable  to  accept  the  relatively  small 
decrease  In  energy  density  and  to  select  the  better  thermal  properties  of  a 
3 layer  configuration. 

In  summary  we  think  that  a rolled  50  Ah  Ag/H2  cell  with  three  electrode 
layers  using  a 25  mil  thick  sintered  silver  electrode,  one  NASA  separator  and 
a 15  mil  asbestos  absorber  layer  next  to  the  TFE  bonded  platinum  black  hydrogen 
electrode  in  each  layer  is  close  to  an  optimum  design.  The  volume  energy  density 
would  be  for  example  0.07  Wli/cm3  the  maximum  cell  pressure  40  atm,  the  radius 
about  3.5  cm  and  the  length  of  the  cylindrical  part  14  cm.  The  cell  case  would 
consist  of  Inconel  718  with  a safety  factor  of  2.  The  gravimetric  energy  density 
would  be  approximately  35  Wh/lb  and  45  Wh/lb  at  the  C/1.5  and  C/4  rate  respectively 
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IV.  SUMMARY  AND  CONCLUSIONS 


During  this  program  we  have  demonstrated  the  feasibility  of  Ag/Hi  cells 
with  35  to  50  Wli/lb,  depending  on  the  desired  discharge  rate,  and  with  a cycle 
life  in  excess  of  500  deep  discharges.  This  demonstration  and  the  necessary 
development  involved  extensive  component  level  studies,  performance  evaluation 
and  demonstration  in  several  sets  of  laboratory  cells  of  approximately  15  Ah 
and  the  development  of  a comprehensive  computerized  mathematical  model  for  the 
design  and  optimization  of  Ag/H2  cells  of  rolled  stack  conf Iguratlon . 

Electrolyte  management  was  Identified  as  the  main  problem  area.  The 
relatively  high  solubility  of  silver  oxide  in  the  electrolyte  necessitates 
the  use  of  argentistatic  membranes  similar  to  those  employed  in  Ag/Zn  cells. 

These  membranes  have  characteristic  electrolyte  transport  properties  described 
by  their  transference,  diffusion  and  flow  parameters.  We  determined  those 
parameters  and  sliowed  that  a suitable  combination  of  tlie  individual  transport 
characteristics  is  required  to  maintain  an  adequate  electrolyte  balance  during 
any  one  charge-discliarge  cycle  and  from  cycle  to  cycle.  Of  tlie  four  membranes 
tested,  Vlsking,  P-2291,  P-2193  and  the  NASA  1 0 separator,  only  the  latter  was 
found  suitable  for  use  in  practical  Ag/H2  cells.  The  principal  property 
differentiating  it  from  the  other  membranes  was  a much  higher  rate  of  electrolyte 
equilibration  via  back-wicking . Electrolyte  capacity  as  well  as  the  pore  size 
and  pore  size  distribution  of  the  absorber  layer,  were  also  identified  as 
important  parameters.  Asbestos  is  preferable  to  the  relatively  open  structure 
of  non-woven  nylon  such  as  P-2505, 

The  solubility  of  the  silver  oxide  is  an  inherent  property  which  will 
eventually  lead  to  cell  failure.  Rapid  formation  of  soft  sliort  circuits, 
especially  by  silver  dendrites  around  the  plate  edges,  can  be  avoided  by 
appropriate  cell  stack  design.  A rolled  electrode  stack  configuration  was 
found  especially  effective.  Slow  diffusion  of  silver  oxide  through  the  mem- 
brane and  subsequent  reduction  to  Ag  at  the  hydrogen  electrode  is  not  specifi- 
cally harmful.  Eventually  this  process  will,  however,  lead  to  the  formation 
of  an  electronic  path  between  anode  and  cathode.  No  cell  failures  due  to  this 
process  were  observed  during  the  course  of  this  program. 

A final  set  of  16  laboratory  cells  based  on  the  NAS.A  separator  but 
employing  different  orientations,  components  and  component  arrangements 
according  to  a mathematical  matrix  demonstrated  the  feasibility  and  perfor- 
mance capability  of  Ag/Ho  cells.  The  amount  of  electrolyte  (absorber  layer 
thickness)  and  the  orientation  of  the  NASA  separator  were  found  to  luive  the 
greatest  influence  on  capacity  retention. 
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Our  mathematical  modeling  effort  identified  silver  electrode  utiliza- 
tion as  the  strongest  energy  density  determining  factor.  Including  practical 
configurational  (radius  to  length  ratio)  and  thermal  restrictions  a rolled 
design  with  three  electrode  wraps  of  approximately  25  mil  thick  silver  elec- 
trodes and  15  mil  thick  absorber  layers  is  close  to  an  optimized  cell. 
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Appendix  A 

PRlXJRAM  KICDl:  Pronrani  for  the  Design  nnd 
Simulutlon  of  Rolled  Ag/H;  Hatterles 


Oiilde  1 IneH  for  Operaty-tr s 


1 . Object  tves 

This  program  calculates  the  optimum  pressure  vessel  length  and  radins  fv>i 
Ag/H2  cells  that  can  be  deslgnevl  by  the  naer  thrv>ngh  parameter  spec i I Icat  ion . 

A particular  feature  of  the  program  Is  that  volnnu'trlc  energy  density  »'an  be 
specified  by  the  operator;  the  program  calculates  the  required  ll^  pressure. 

The  program  also  calculates  the  optimum  H2  plate  (Nil  thickness  and  the 
optimal  lead  sizes.  In  addition,  the  program  simulates  the  thermal  perl»>r- 
mance  of  the  cell  through  any  number  of  complete  charge-discharge  cycles, 
and  prints  the  maximum  and  minimum  temperature  at  each  t lm<‘  step.  The 
thermal  performance  simulation,  which  requires  a substantial  aimuint  of  ct'm- 
puter  time,  can  be  disabled  at  run  time.  Other  features  include  automatic 
variation  of  the  number  of  Ag/ll2  electrode  pairs,  and  automat Ic  operator- 
selected  variation  of  any  one  of  b7  different  Input  parameters.  in  addition, 
all  output  may  be  disabled  by  an  Input  switch,  so  that  user-written  plotting 
routines  can  be  added  without  deleting  the  output  statements. 

2 . Prel i mi nary  Setup 

The  first  three  statements  of  the  MAIN  program  specltving  the  standard  input 
and  output  devices.  Twi'*  (possibly)  different  Input  device's  are  provliled; 

INP  and  IN.  In  many  cases  it  may  be  convenient  to  specify  INI’  as  a terminal 
Input  and  IN  as  a card  or  disk  file. 

In  prellmln.ary  tests  of  the  program  one  should  first  run  the  program  with  all 
15  input  records  blank  (zero)  except  for  the  first  record,  read  in  on  INP.  In 
this  record  a positive  integer  should  be  Inpeit  in  the  first  five  columns  (l‘>). 
This  Integer  (NOTHKR)  disables  the  thermal  simulation  routine.  Subsequent 
tests  of  the  program  can  be  carried  out  with  NOTHKR  ■»  0 to  verify  proper  opera 
tion  of  the  thermal  simulation.  A general  description  and  interpretation  lO 
the  output  Is  provided  In  Appendix  D;  most  features  should  prove  sell- 
explanatory,  or,  at  worst,  are  explained  in  the  l^OMMKNT  statmi'iits  in  the 
program  and  Its  subroutines. 

3.  Parameter  Variation 


Variation  of  the  cell  parameters  may  be  carried  o»»t  in  lwc>  different  ways: 

(A)  by  specification  of  the  parameter  nvimber  and  range  of  parameter  variation 
(INVAR,  VARMIN,  VARMAX)  on  the  first  input  record;  or  (H)  bv  reading  a non- 
zero card  for  any  one  of  the  subsequent  input  records.  it  is  generally 
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suKgostod  that  when  nu^thod  (A)  Is  used,  automatic  variation  of  the  number  of 
pairs  of  electrodes  should  be  suppressed  by  flxlnR  NLAYRl  ■ NLAYR2  on  the 
third  input  record.  Automatic  variation  of  the  pressure  vessel  radius  can 
also  he  suppressed  by  fixing  RMIN  - KMAX  on  the  third  Input  record,  but  this 
Is  not  generally  recommended. 

Input  records  4-14,  used  In  conjunction  with  either  method  (A)  or  (B)  for 
parameter  variation,  should  be  self-explanatory.  Kach  named  input  parameter 
will  be  found  In  COMMON  block  KIC2;  a similarly  named  parameter,  found  In  the 
corresponding  location  In  COMMON  block  KICl,  Is  defined  In  the  b7  COMMKNT 
statements  at  the  beginning  of  the  MAIN.  Thus,  CAPNAM,  the  first  parameter 
on  the  4th  Input  record,  la  the  sixth  named  variable  In  K1C2.  The  sixth 
narot'd  variable  Is  KICl,  CAPNAQ,  Is  defined  at  statement  C(i  as  the  nameplate 
capacity.  In  amp-hours.  In  a statement  proceeding,  CAPNAQ  » 10,  thus,  CAPNAM 
Is  the  nameplate  capacity;  the  default  value  Is  30  amp-hours.  A few  of  the 
im're  geometric  parameters  are  best  defined  by  reference  to  the  four  attached 
design  dlagrjims. 


Input  record  IS  can  be  used  to  specify  the  arrangement  of  electrodes.  In  which 
case  a non-rero  Integer  should  be  placed  In  column  80  of  this  record.  A 1 In 
column  I specifies  that  one  terminal  Is  at  each  end;  a 0 or  2 specifies  that 
both  terminals  are  at  the  same  end.  Columns  2-7^1  are  used  to  specify  the  order 
of  the  electrodes.  The  number  of  I's  (II2  electrodes'!  should  equal  the  number 
of  2*s  (Ag  electrodes). 

Input  record  2 la  fuiulamt'ntally  different  from  the  other  records,  in  that  It 
specifically  controls  the  thermal  simulation.  Parameter  choice  Is  explalm'd 
In  the  COMMKNT  statements. 

4 . M ^s_ce  1 laneous  Remarks 

a.  The  program  will  read  any  number  of  successive  data  sets.  A nega- 
tive value  of  NOTHKR  can  be  used  for  normal  pri'gram  exit. 

b.  A non-*ero  value  of  NORFAO  should  only  be  used  on  machines  that 

automatically  /.ero  unused  memory. 

c.  In  the  thermal  simulation  routine,  the  number  of  radial  segme»\ts 
Is  l.Sl.ICK  - NSl.ICKsIlAYKR  + lAPllIT,  where  ll.AYKR  Is  the  number  of  Ag/ll2  elec- 
trode pairs.  The  default  values  of  NSLICK  and  lADOIT  are  1 and  0 respectively 
(Input  record  No.  2). 

d)  Ovitput  Information  on  the  temperatures  (maximum,  mlitlmum,  and  cell 
label)  Is  printed  approximately  every  mlntite.  The  exact  value  of  the  time 
Interval  depends  on  the  number  of  time  steps  (NSTKP.S  In  record  No.  2)  and  the 
charge  or  discharge  time.  With  NSTF.PS  - 1500  and  CHCTIM  ■ 120  minutes,  each 
tins*  step  is  120/1500  - 0.08  minutes.  Temperature  Information  In  this  case  Is 
provided  every  twelfth  step;  l.e.,  every  0.9h  minutes. 
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p)  Cell  temperature  Information  is  labelled  according  to  the  same 
I,  J,  L scheme  used  In  Input  record  No.  2,  i.e.,  1 varies  from  1 to  ITH, 

.1  from  1 to  JZ,  and  L from  1 to  LSI.ICG. 

Tlie  thermal  management  subroutine  is  structured  in  such  fashion  that  the 
electrode  roll  can  be  segmented  in  a variety  of  ways,  mi  is  the  number 
of  segments  in  the  "theta"  dimension,  i.e.,  in  the  cylindrical  plane;  JZ 
is  the  number  of  segments  along  the  cylindrical  axis;  and  LSLICE  is  the 
number  of  segments  in  the  radial  direction.  Most  of  our  runs  have  been 
carried  out  with  ITM  " JZ  ••  1,  but  correct  operation  of  the  subroutine  with 
larger  values  has  been  verified. 

The  subroutine  first  groups  the  KR  roll  components  (e.g.,  Ag  electrodes, 
reservoirs,  separators,  etc.)  into  LSLlCF.  equal-thickness  slabs,  and  cal- 
culates average  thernuil  properties  (heat  capacity  and  conductivities)  for 
each  slab.  It  then  simulates  NCYCLK  charge-discharge  cycles,  each  consisting 
of  NSTEPS  time  steps.  NSTEPS  must  be  carefully  chosen  to  assure  convergence: 

If  NSTEPS  is  too  small  (time  Interval  too  large),  the  temperatures  will  not 
converge  and  the  subroutine  will  produce  what  are  clearly  absurd  temperatures 
(>10h  degrees).  If  NSTEPS  is  too  large,  program  run  time  will  be  excessive. 

The  default  value  used  (NSTEPS  ■ 500)  assures  convergence  in  the  present  runs, 
but  may  be  too  small  if  the  charge  or  discharge  cycle  time  Is  short,  or  If 
the  number  of  radial  slices  LSLICE  Is  large,  so  that  the  slab  thickness  (and 
heat  capacity)  is  simill. 

In  order  to  keep  the  thermal  management  program  from  becoming  unwleldly,  we 
have  Incorporated  two  simplifying  assumptions.  First,  conduction  of  heat 
through  the  gas  Is  Ignored  except  In  the  g.is  gaps  between  electrodes,  and  In 
the  gap  between  the  outermost  electrode  and  the  pressure  vessel.  In  other 
words,  conduction  to  the  end  caps  la  Ignored.  This  is  a conservative  .assump- 
tion: Calculated  temperature  differences  should  be  larger  than  those  measured 
experimentally.  Nevertheless,  the  assumption  should  be  reason.-ibly  .accurate, 
since  the  thermal  conductivity  of  the  electrode  roll  should  he  about  an  order 
of  magnitude  greater  than  the  thermal  conductivity  of  Mo,  and  tlie  path  length 
for  heat  transfer  through  the  roll  la  considerably  shorter  than  the  path  length 
for  heat  transfer  through  the  gas.  Secondly,  we  assume  that  the  temperature  of 
the  pressure  vessel  la  constant  and  uniform. 

We  also  assume  that  all  the  heat  la  generated  at  either  the  H2  or  Ag  electrodes; 
this  simplifies  the  program  but  should  not  affect  the  accuracy  of  simulation 
since  the  total  amount  of  heat  generated  will  be  calculated  correctly. 

During  charge  or  discharge,  heat  generation  due  to  electrochemical  reactions 
will  bo  uniform  throughout  the  surface  of  a given  type  of  electrode.  However, 
heating  caused  by  reaction  of  H2  and  O2  will  occur  primarily  at  the  ends  of 
the  H2  electrodes.  Similarly,  heating  due  to  the  leads  and  due  to  voltage 
drops  within  the  electrodes  will  also  occur  at  the  ends.  Tliiis,  temperature 
differences  are  likely  to  be  largest  at  the  electrode  ends.  This  Is  accounted 
for  when  ITH  ■ 1 or  JZ  - l. 
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l’KC)c:Ki\M  FlAJWSliKKT  FOR  KlCUl : 


"Calculat  lun  and_Opt  imlzat  Ion  of  F^ior^_  IVus 1 
for  Sllvor-lfy-dro^en  Battorios" 


Main  Frogram: 

StatcfflenCs  1 to  4 

Program  Set-up; 
initialization  of  input 
parameters 

I 

I 

Main  Program: 

j Statements  4+1  to  6 

I Input  of  program  control 

^ parameters  and  non-default 

' battery  design  parameters 


Main  Program: 

Statements  6+1  to  9 + 2 

Calculation  of  basic 
battery  performance 
characteristics 


Main  Program: 
Statements  9+3  to  11 

Preliminary  Ovitput 
display 


Main  Program: 

Statements  11  + 1 (to  4!>0) 

Variation  of  the  number 
of  Ag-H2  electrode 
pairs 


Main  Program: 

Statements  203  (to  373) 

Variation  of  the  pressure 
vessel  radius 


I 


\\ 


‘t 


» 


I 


1 


I 


1 

I 


I 


[ 


Main  i’rot;ram: 

Statonionts  20S  4 1 to  26‘>1 

Calculation  of  the  radius  and 
typo  of  over)'  i dmit  i f iah lo 
component  in  the  electrode  roll 


Main  Proi;ram: 

Statements  26S1  4 1 to  90^1  - 1 

Calculation  of  the  weight  and 
exclusion  volume  of  selected 
cell  compt'nents  whose  size  is 
Independent  of  pressure  and 
vol tage 


Main  Program: 

Statements  909  to  9191-1 

Iterative  calculation  of 
weight  and  excluded  volume 
of  components  dependent  upon 
pressure  and  voltage  drop 

Statements  909  4 22  to 
909  4 73 

Optimization  of  the 
plate  thickness 

Statements  909  4 74  to 
9090  - 4 

Optimization  of  lead 
th ickness 

Statements  9090  - 3 to 
919  - 11 

Calculation  of  terminal 
weights  and  excluded  volumes 

Statements  919  - 10  to 
9191  - 1 

Iterative  recalculation 
of  the  proceeding  list 


Subroutine  Ul'NVOL 

Welglit  and  exclusion 
volume  calculations 


\ 


A 


203 


R.iln  Program: 

Statements  9191  to  375 

Save  calculated  values  of  all 
outputs  for  the  given 
pressure  vessel  radius 


Main  Program: 

Statements  375  + 1 to  398  + 4 

Kstlmate  value  of  radius  for  which 
the  volumetric  energy  density  is 
equal  to  the  selected  value;  go  to 
205  to  recalculate  all  outputs  for 
this  value  of  the  pressure  vessel 
radius 


Main  Program: 

Statements  3990  to  399 

Store  and  print  output  values  for 
the  selected  number  of  electrode 
pairs  (optimum  pressure  vessel 
radius) 


Main  Program: 

Statements  399  + 1 to  449 

Calculate  and  print  the  thermal 
properties  of  each  identifiable 
element  of  the  electrode  roll. 


SUBROUTINE 

PROPTY 

Calculate  therm.il 
properties 


Main  Program: 

Statemt'nts  449  + 1 to  1111 

Call  thermal  simulation 
routine  (optional) 


SUBROUTINE  THRMAL 
(see  below) 


Main  Program: 

Statements  450  to  END 

Find  battery  design  with  best 
energy  density  that  meets  thermal 
specif ications 


204 


11 


THRMAL 

ORG  to  8 - 12 

Temperature  initialization;  division 
of  electrode  roll  into  3-diinenslonal 
partitions;  preliminary  setup. 

< i 

. THRMAL  I 

Statements  8 - 11  to  22  ; 

Calculation  of  average  thermal  1 

properties  of  each  radial  slice.  I 


THRMAL 

Statements  22+1  to  800 

Calculation  of  the  temperature  of 
each  element  at  each  time  interval, 
for  both  charge  and  discharge  steps. 


THRMAL 

Statements  800  + 1 to  END 

Determination  of  the  time  and  location 
of  the  highest  and  coldest  temperatures 
in  the  full  set  of  charge-discharge 
cycles. 


PROGRAM  EICDl:  Sample  Computer  Program  Output 
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